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ABSTRACT

Yang, Wei-Chang, D. Ph.D., Purdue University, May 2015. Kesterite Thin-Film Solar
Cell Absorbers Derived Using Inhomogeneous CZTS Nanoparticles. Major Professor:
Carol Handwerker.

My doctoral research focuses on understanding the structure-property-processing
relationship of the kesterite materials to improve their device performance. It is
recognized in both my own work and the recent literature that the structural and
compositional integrities of CZTSSe are crucial to derive the solar cell grade kesterite
thin-films. Analytical electron microscopy (AEM) allows me to demonstrate the
structural and compositional inhomogeneity of the CZTS nanoparticles and CZTSSe thinfilms at the nanoscale. For example, the observed forbidden reflections in TED patterns
and FFT diffractograms corresponding to HRTEM images indicate that cation disorder
leads to stacking faults in CZTS nanoparticles. Probe-corrected STEM and EDS analysis
also shows that the quaternary nanoparticles inherit intra- and inter-particle compositional
fluctuations due to the kinetic effects during synthesis reactions.
AEM is further applied to FIB-prepared lamellae to study CZTSSe film formation
during selenization. It is found that the compositionally inhomogeneous nanoparticles
supply the metal cations – namely Cu, Zn, and Sn – to the CZTSSe nuclei that grow at
the top surface of the nanoparticle layer. These CZTSSe grains form a continuous thin-

xiii
film and grow in size suggesting a liquid-assisted sintering mechanism in which molten
Se dissolves Cu, Zn, and Sn and expedites cation diffusions to facilitate CZTSSe film
growth. Despite the fact that excess Se starts to evaporate from the films toward the end
of selenization, residual Se and metal cations are found to form fine grain layers
underneath the coarsened CZTSSe grains, which are expected to increase the series
resistance in the cells. STEM-EDS line-scans detect compositional fluctuations through
the CZTSSe grains. This suggests the cause of the electrostatic potential fluctuations that
are believed to limit the Voc for kesterite thin-film solar cells.
In sum, my work at Purdue has integrated advanced analytical materials
characterization with novel synthesis and fabrication techniques to probe mechanisms of
nanoparticle and thin-film formation enabling high efficiency, solution-processed
kesterite solar cells. The protocol I have developed to study these materials is also
broadly applicable to other multinary semiconductors of interest for high efficiency
optoelectronic devices.

1

CHAPTER 1. INTRODUCTION

1.1 Introduction to Solution Processed Thin-Film Solar Cells
Solution based processes provide a low-cost, fast throughput roll-to-roll method to
fabricate electronic devices for a wide array of applications. Solution based methods
employing nanoparticle inks or molecular precursor inks offer great flexibility in terms of
tailoring electronic and material properties of the compound semiconductors and often
allow substitution of earth-abundant, less toxic, or less costly constituents.
The goal of developing solar spectrum absorber materials is to fabricate thin-film
solar cells which are affordable and achieve superior power conversion efficiency (PCE),
which can replace the currently dominant single- and poly-crystalline silicon solar cells.
In the course of searching for candidate materials, p-type quaternary semiconductors –
Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) – have attracted great interest of research
and shown their potential for being solar spectrum absorbers with their suitable band gaps
in the range of 1-1.5 eV and high absorption coefficient.1,2 CZTS and CZTSe also display
outstanding elemental abundance among the common industrial metals in Earth’s upper
continental crust, as shown in Figure 1.1.3 When compared with the leading thin-film
absorber materials, i.e. CdTe and Cu(In,Ga)S2 (CIGS), CZTS has a better chance to meet
the annual electricity production (TWh) that supplies worldwide/US consumption based
on its known economic reserve and annual material production, as shown in Figure 1.2a.4

2
The analysis employs an estimated thickness in a single-junction solar cell, assuming a
single pass absorption of 85% to determine the minimum material intensity in units of
metric ton per square meter for each material, and applies its Shockley-Queisser
thermodynamic efficiency limit based on the published band gap value to the calculation
of annual electricity production under AM1.5G illumination (1000 W/m2).5 Regarding
the extraction cost in units of ¢/W for each material under AM1.5G illumination, CZTS is
also cheaper in mined cost than CIGS and CdTe, as seen in Figure 1.2b.4

Figure 1.1 Abundance (atomic fraction to Si) of the chemical elements in Earth’s upper
continental crust as a function of atomic number.3

3

Figure 1.2 (a) Estimated annual electricity production for the inorganic solar cell
materials. Total U.S. and worldwide annual consumption are labeled for comparison. (b)
Minimum extraction cost in the unit of ¢/W for each material.4

One issue with the analysis is that the annual electricity and raw material cost of
crystalline silicon (x-Si) are underestimated and overestimated, respectively. This being
said, both of them do not reflect the actual economic potential for x-Si. This is caused by
the assumption that is applied to the calculation of materials intensity. Because of the
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nature of indirect band gap, x-Si requires a great material thickness to achieve the same
amount of absorption as other materials, which mostly have direct band gaps. In addition
to large raw material reserve, the maturity of silicon industry gives x-Si advantages in
production, reliability, and depth of knowledge to further lower the production cost.6 In
general, x-Si is still the most important forerunner in photovoltaic industry.
Currently, the world-record PCE (12.6%) for copper-zinc-tin chalcogenide solar cells
has been achieved by the hydrazine-processed Cu2ZnSn(SxSe1-x)4 thin films, topping the
benchmark in Table 1.1. Among the processes under research, the route of employing
nanoparticle ink shows its promise for large-scale production without the usage of toxic
substances such as hydrazine or the need of spin-coating. Compared to the vacuum based
processes – sputtering and co-evaporation – the nanoparticle ink-based process is capable
of achieving higher PCE, and shows a better control in material properties in terms of
uniformity and band gap engineering.1,7,8
Table 1.1 Benchmark of Kesterite Thin-Film Solar Cells.7

5
In this work, a nanoparticle ink-based process, illustrated in Figure 1.3, has been
developed to fabricate Cu2ZnSn(S,Se)4 (CZTSSe) thin-film solar cells using Cu2ZnSnS4
(CZTS) nanoparticles. Colloidal synthesis of CZTS nanoparticles by hot injection of
cation and anion precursor solutions is refined to improve PCE to 9.3%, which is the
highest for CZTSSe cells derived from nanoparticle ink.9,10 In a typical process to
fabricate CZTSSe solar cells, a micrometer thick nanoparticle film is coated using doctor
blading, followed by a heat treatment in Se atmosphere (selenization) to derive CZTSSe
thin-films. Heterojunctions of cells are formed with a n-type CdS layer coated by
chemical bath deposition. Intrinsic ZnO and ITO are deposited subsequently by RFsputtering to provide the window layers. Ni and Al metals are evaporated by electron
beam to deposit front contacts, which are shaped using shadow masks on the top of the
window layers, to complete the solar cells. The schematic thin-film solar cell structure is
shown in Figure 1.4. To enhance the efficiency of absorption, an anti-reflective coating
such as MgF2 can be deposited using e-beam evaporation to cover the surface of
completed cells.

6

Figure 1.3 Process flow of nanoparticle ink-based process for the production CZTSSe
thin-film solar cells.

Figure 1.4 Schematic device structure of CZTSSe solar cell.

7
1.2 Research Gaps in CZTSSe Thin-Film Solar Cells
Aiming to further improve the device performance and to understand the impact of
each variable during the process, a fundamental study of the structure-propertyprocessing relationships of CZTSSe materials is illustrated in Figure 1.5 to answer the
remaining questions.

Figure 1.5 Schematic flow of a fundamental study on the structure-property-processing
relationship of nanoparticle-ink-processed kesterite solar cell absorbers.

First, nanoparticle films serve as precursor films to derive CZTSSe thin-films. It has
been known that free carrier (hole) concentration in CZTSSe is controlled by the point
defects – i.e. VCu and CuZn – in the crystal.11-15 This suggests the fact that the composition
of CZTSSe phase determines the p-type characteristic of the film. The benchmark in
Table

1.1

also

supports

this

perspective

that

all

the

high

efficiency

CZTS/CZTSe/CZTSSe solar cells have a Cu poor and Zn rich stoichiometry.16 Because
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CZTS nanoparticles supply the Cu, Zn, and Sn to the resultant CZTSSe films,17 it is
essential to study the compositional uniformity in both CZTS nanoparticles and CZTSSe
films, which governs the hole concentration profiles throughout the absorber material.
Second, CZTSSe thin-films are derived using selenization. The microstructure evolution
from CZTS nanoparticles to CZTSSe grains takes place in a Se atmosphere confined by a
graphite box. It has been reported in the literature that CIGS grain growth and
densification can be enhanced by liquid Se during rapid thermal processing.18 To
investigate how Se vapor incorporates into the nanoparticle films and how the growth of
CZTSSe films initiate, films with various degrees of selenization need to be studied. The
change in film morphology and elemental distribution examined using analytical
transmission electron microscopy (AEM) are expected to answer the questions regarding
the coarsening mechanism of CZTSSe grains and to explain the formation of fine grain
layers in the films.
Third, CZTSSe thin-films of the high efficiency solar cells in Table 1 have a kesterite
crystallographic structure, which is a zincblend-derived structure for quaternary
phases.19,20 Colloidal synthesis of CZTS nanoprticles has been reported to control the
phase of resultant particles and form wurtzite-derived CZTS nanoparticles.21,22 In a
typical nanoparticle ink-based process, kesterite CZTS nanoparticles are selenized and
produce CZTSS grains that still have a kesterite structure. It is interesting and potentially
beneficial to substitute wurtzite-derived CZTS nanoparticles in the process to fabricate
CZTSSe solar cells and study the resultant microstructure and device performance. The
findings would presumably shed light on the phase stability of wurtzite-derived CZTSSe
during selenization and explore an alternative course to obtain CZTSSe absorbers.

9
In the research of multinary semiconductor materials, X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM), and analytical electron
transmission electron microscopy (AEM) have been widely used in the literature.23-26
Although these works target some of the important topics on producing CZTS, CZTSe,
and CZTSSe in the forms of nanoparticles and thin-films, the research results either lack
high-efficiency devices that show the credibility of controlled processing that delivers
solar cell grade materials or do not delve deeply enough to interrogate the source of
potential fluctuations in CZTSSe in the thin-film growth mechanism.27,28 In recent
publications, nanoparticle ink processed CZTSSe solar cells are carefully studied using
focus-ion-beam microscopy (FIB) and AEM to show the intermediate phases and
elemental fluctuations in high-quality CZTSSe films.29,30 Also, it has been reported that
antisite defects due to Cu-Zn cation disorder are directly observed using a probecorrected STEM.31 With the aid of state-of-the-art aberration-corrected scanning electron
microscopy and FIB-prepared specimens lifted off from high-efficiency solar cells, the
approaches taken in this work show findings that lead to the fundamental understanding
of structural and compositional inhomogeneity and of CZTSSe grain coarsening.
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1.3 Objective of Current Study
The AEMs used in the work include a dedicated 200 kV STEM equipped with a
CEOS probe corrector (Hitachi HD2700C) and a 80-300 kV environmental TEM (FEI
Titan) that has Oxford energy dispersive X-ray spectroscopy (EDS) with a 80 cm2
window. The probe-corrected STEM is capable of interrogating chemical fluctuations at
the nanometer scale and the 300 kV E-TEM delivers outstanding brightness and stability
performing transmitted electron diffraction (TED) and STEM-EDS linescans to study
structural fluctuations and elemental distribution with CZTSSe films.
With this unique combination of characterization techniques and experimental
designs, chapter 2 displays a systematic study on the inter- and intra-particle
compositional non-uniformity of CZTS nanoparticles using three different colloidal
synthesis methods. The inherent elemental fluctuations due to the kinetic effects during a
reaction are commonly observed in all of the synthesis recipes. This indicates that the
nanoparticle films deliver Cu, Zn, and Sn in a ratio that deviates from the designed
compositions for the CZTSSe thin films. Despite this, the thermal energy given during
selenization reduces the compositional fluctuations. The study provides some insight into
cation supply driven by heat and Se vapor, and shows the formation of fine grains at the
end of selenization.
Chapter 3 further focuses on the film growth mechanism using a series of films that
are treated with interrupted selenization. Four various period of selenization time – 5, 10,
20, 40 min – are employed to prepare the CZTSSe films, which are characterized using
the above-mentioned characterization techniques. It is found that CZTSSe grains nucleate
at the top of the nanoparticle film and gradually grow to form a continuous layer, which
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eventually reaches about 1 micrometer in thickness after selenization for 40 min. The
thermodynamically favorable CZTSSe phase changes from a Cu rich composition to a Cu
poor and Zn rich stoichiometry in the final films. Also, the Se rich fine grain layer
supports the existence of liquid Se during selenization. Liquid Se dissolves the cations
from CZTS nanoparticles and facilitates cation diffusion, to nucleate CZTSSe at the
vapor-liquid interface. Based on these results, liquid Se plays a significant role in
assisting the nanoparticle ink-based process that has effectively produced densified
CZTSSe thin-films for solar cell applications.
In chapter 4, wurtzite-derived CZTS nanoparticles are adopted to replace the kesterite
CZTS nanoparticles, which had been demonstrated to successfully produce CZTSSe thinfilms in the previous chapters. The work confirms that the wurtzite-derived CZTS phase
is a metastable phase produced in colloidal synthesis. These wurtzite-derived particles
undergo a phase transformation to keserite phases when reacting with Se vapor, and form
a bilayer structure, where the top layer consists of coarsened CZTSSe grains and the
bottom layer contains unsintered small grains. The bilayer structure can be further
sintered into large grains that are apart from each other, driven by the free energy
gradient due to the difference in grain size between the top and bottom layer, if the films
are treated by the same selenization again. This has never been found when kesterite
particles are selenized, indicating that the resultant fine grain layer mainly consists of Se,
C, and remnant cations, which are distinct from the small CZTSSe grains observed for
wurtzite-derived particles.
Summarized and concluded in Chapter 5, this work integrated advanced analytical
materials characterization with novel synthesis and fabrication techniques to probe
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mechanisms of nanoparticle and thin-film formation enabling high efficiency, solutionprocessed kesterite solar cells. The protocol that is developed to study these materials is
also broadly applicable to other multinary semiconductors of interest for high efficiency
optoelectronic devices.
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CHAPTER 2.
COMPOSITIONAL INHOMOGENEITY OF MULTINARY
SEMICONDUCTOR NANOPARTICLES: A CASE STUDY OF CZTS

2.1 Introduction
Increasingly complex nanostructures are being synthesized to meet new technological
challenges. Among the many exciting trends is the synthesis of complex nanoparticles
comprised of multiple elemental constituents (hereafter referred to as multinary
semiconductor nanoparticles, or MSNs).32-35 MSNs offer great flexibility in terms of
electronic and material properties and often allow substitution of earth-abundant, lesstoxic, or less-costly constituents. Many publications indicate the synthesis of
“homogeneous,” “uniform,” or “monodispersed” MSNs.36,37 While analysis of the
particle size distribution is often reported, the compositional distribution within the
particles is of equal if not greater importance in many applications. It is our observation
that this is less frequently examined, but is essential in classifying particles as truly
“monodisperse”.38
MSNs have wide applications in quantum dot (QD) solar cells,39 QD light emitting
diodes,40,41 displays,42 catalysts,43 in vivo bio imaging agents,44,45 drug delivery
platforms,46,47 dye sensitized solar cells,48,49 and batteries.50,51 Precise control over
particle uniformity, including the ability to controllably introduce polydispersity, is
essential for applications such as drug delivery and fluorescent bioimaging, where
significant concerns exist for the safety of these materials.52 In the processing of
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optoelectronic devices, compositional inhomogeneity unavoidably leads to fluctuating
electronic properties and challenges with device performance. Thus, there is a great need
to determine the compositional distribution of as-synthesized MSNs and develop the
science that allows for compositionally controlled synthesis.
As a case study, we here explore the compositional inhomogeneity of Cu2ZnSnS4
(CZTS) nanoparticles. We show that, despite the very different synthetic routes employed
in the literature, CZTS nanoparticles exhibit a significant degree of inhomogeneity.
However, we also show that for applications in which MSNs are not used directly – such
as for precursors to polycrystalline thin films for solar cells – much of the inhomogeneity
can be removed during reactive heat treatment, specifically during the ‘selenization’
process we use to create Cu2ZnSn(S,Se)4 (CZTSSe) absorber layers.10,53
Since the first reported syntheses of CZTS nanoparticles in 2009,54-56 several
synthetic routes to CZTS, Cu2ZnSnSe4 (CZTSe), and CZTSSe nanoparticles have been
reported. Details regarding these approaches can be found in a recent review article on
the subject.57 In addition, these same materials have also been alloyed with germanium,
further increasing the number of components and thus the chance of compositional
fluctuations.58-60 As was recently reported, when CZTS nanoparticles are sorted by size
using centrifugation, very dissimilar compositions are observed.61 Haas et al. used
scanning transmission electron microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDS) to show that CZTSe nanoparticles can manifest a broad range of
chemical compositions from one nanoparticle to another, even when taken from the same
batch of a synthesis reaction.23 While these studies have clearly confirmed the large
degree of inter-particle nonuniformity, what has remained unclear is the elemental
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distribution within multinary nanoparticles. Observations of nanoparticles that are distinct
from one another in composition but that are internally uniform would suggest different
nucleation and growth phenomena than if the particles are highly nonuniform internally.
In this work, we examine the compositional inhomogeneity within nanoparticles of the
quaternary sulfide; we choose this system because it has thus far been utilized with far
greater success in nanoparticle ink-based opto-electronic devices than its selenide
analogue.10,62 Furthermore, we look at how these compositional variations are distributed
inside particles (intra-particle) as opposed to solely the variations that occur between
particles (inter-particle), an issue not yet addressed by the research community. We
accomplish this by preparing CZTS nanoparticles using three different synthesis recipes
that have been reported in the literature, and by interrogating the specimens using probecorrected STEM-EDS linescans. Finally, we describe how these results enhance our
understanding of nucleation and growth phenomena in MSNs.
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2.2 Experimental Method
CZTS nanoparticles were synthesized according to the recipes of Miskin et al.
(Recipe A),10 Steinhagen et al. (B),55 and Riha et al. (C).56 In short, the recipes differ in
reaction time, temperature, precursors, and reaction method. A summary of the primary
differences is shown in Table 2.1; additional details can be found in the supporting
information (SI).
In all recipes, the reaction was performed under inert conditions and the solvents were
degassed prior to use. These recipes were chosen because of their many differences, to
better probe the synthetic “phase space” and determine how variation in synthesis
conditions (such as temperature, solvent choice and injection method) and washing steps
(such as choice of solvent / antisolvent and centrifugation speed) influence particle
homogeneity. In recipes A and C, cation precursors and elemental sulfur were dissolved
in oleylamine (OLA) but kept separate until each was injected into the preheated solvent
bath of OLA or TOPO at 250 °C or 300 °C, respectively. In recipe B, all cation
precursors and elemental sulfur are combined in a single flask and heated up together in
OLA to 280 °C. The particles from each recipe were washed as described in their
respective studies to remove unreacted materials, solid reaction byproducts, or coagulated
particle clusters. The nanoparticles as collected at the end of these processes are shown in
Figure 1; they were subsequently characterized in detail to determine their structural and
chemical inhomogeneity. Additional details can be found in the SI.
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Table 2.1 Differences in synthetic protocols for the three recipes studied in this work.
Recipe Precursors*
A

Cu(acac)2
Zn(acac)2
Sn(acac)2Cl2

T
(°C)
250

Time
(min)
60

Solvent(s)*
OLA

Reaction Method

Injection of sulfur-OLA into
preheated OLA, followed by
injection of cation precursors in
OLA.
B
Cu(acac)2
280 60
OLA
All cation precursors and sulfur
Zn(OAc)2
are degassed under vacuum for 2
SnCl2
hr, purged with N2 for 30 min at
Sulfur
110°C and heated to 280°C for 1
hr together in OLA.
C
Cu(acac)2
300 75
TOPO/OLA Sulfur is dissolved in OLA and
Zn(OAc)2
(separately) cation precursors are
Sn(OAc)4
dissolved in OLA. Each solution
is simultaneously injected into
Sulfur
preheated TOPO.
* acac: acetylacetonate, OAc: acetate, OLA: oleylamine, TOPO: trioctylphosphine oxide.

18
2.3 Results and Discussion
The overall elemental compositions of nanoparticles from the three recipes were
investigated using a 20 kV field-emission scanning electron microscope (SEM, FEI
Quanta) with an Oxford EDS silicon drift detector (SDD, X-MaxN 80 mm2). The
nanoparticles were drop-cast to form a nanoparticle film on a Si substrate. SEM-EDS was
performed over an area of at least ~1.5 × 1.5 µm2 at multiple spots to obtain a
representative bulk composition, using the AZtec software with a standardless
quantitative analysis based on the Cliff-Lorimer method. The elemental ratios as-charged
to the reaction (nominal values) and average measured atomic ratios of the product
nanoparticles, along with standard deviations (STD) in the measurements, are listed in
Table 2.2. It was found that the average particle compositions were quite different than
the element ratios that were charged to the reaction flask. The compositions of recipes A
and B are reasonably similar and agree with the Cu-poor and Zn-rich conditions often
targeted for high efficiency devices.63,64 Although the elemental composition as charged
to the flask of recipe C corresponds to stoichiometric CZTS, the measured composition is
surprisingly Cu- and Zn-rich, when prepared in our lab. These results are also in contrast
to the literature for recipe B, which reported a Sn rich composition. Discrepancies
between the compositions we report here and the compositions reported in the literature
are likely a result of the difficulty in reproducing the particle-washing procedures
precisely and are discussed further in the SI.
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Table 2.2 Measured overall nanoparticle compositions in terms of atomic ratio along with
the as-charged precursor ratios for particles by recipe A, B, and C.

Recipe A

Recipe B

Recipe C

As-charged
Average
STD
As-charged
Average
STD
As-charged
Average
STD

Atomic ratio (normalized to Sn)
Cu/(Zn+Sn)
Zn/Sn
Cu/Sn S/Sn
0.86
1.05
1.76
6.00
0.81
1.07
1.67
4.35
0.03
0.03
0.04
0.05
0.83
1.98
2.46
5.06
0.91
1.18
1.99
4.50
0.02
0.04
0.05
0.02
1.00
1.00
2.00
4.00
1.11
1.41
2.68
4.01
0.02
0.05
0.07
0.06

The microstructure and chemical composition profile of individual CZTS
nanoparticles were further examined using a 200 kV STEM (Hitachi 2700C) and energydispersive X-ray spectroscopy (Bruker SDD). In contrast to SEM, which uses a 7-30 kV
electron beam, a 200 kV electron beam can achieve a spatial resolution of 0.1 nm to
perform raster scanning through individual nanoparticles.65 When the electron beam
scans through a nanoparticle, the characteristic X-ray photons corresponding to
individual elements are generated and escape from a volume that is of the order of the
size of the electron probe – a detailed estimation of which can be found in the SI. This is
in contrast to the micron-sized teardrop-shaped volume from which x-rays are generated
in the case of SEM-EDS analysis. This allows us to achieve single nanometer spatial
resolution for the analysis. Following the data acquisition using the Esprit software, a
simple moving average (SMA) was applied to every five data points in order to reduce
the short-term fluctuations caused by consecutive data collection following the scanning
electron beam.66
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Figure 2.1 STEM annular dark-field (ADF) images of CZTS nanoparticles prepared using
recipes (a) A, (b) B, and (c) C showing their typical particle shapes. The representative
histograms of particle size distribution for recipes A, B, and C are displayed in (d), (e),
and (f), respectively.

The typical STEM annular dark-field (ADF) images of CZTS nanoparticles and the
corresponding histograms of particle size distribution (based on measurements of greater
than 400 nanoparticles) are shown in Figure 2.1. The particles prepared using recipes A,
B, and C are found to be slightly faceted and to share similar particle shapes. Lattice
fringes extend across the entire particle, and are resolved for all the recipes in Figure 2.1.
This clearly indicates that single crystalline nature of the particles for recipes A, B, and C.
The substance (contrast) between the particles is composed of ligands and solid reaction
byproducts that were not removed during the washes. The mean particle size of each
recipe is measured to be about 15 nm; however, recipe C shows a bimodal particle size
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distribution, suggesting that Ostwald ripening and possibly coalescence has occurred.
Notably, this synthesis has the highest reaction temperature among the three recipes. It is
also worth mentioning that the particle washing steps for recipe B discard some of the
poorly capped particles or coagulated particle clusters that precipitate out from the
dispersion; this is done in order to prevent the collection of larger particles. Figure 2.2
shows representative STEM-EDS linescan profiles for particles created from recipes A, B,
and C respectively.

Figure 2.2 STEM-EDS linescans for nanoparticles by recipes A (a and d),10 B (b and e),55
and C (c and f)56 showing the intensity profiles of Cu, Zn, and Sn, in (a), (b), and (c), and
the intensity ratios of Cu/(Zn+Sn), Zn/Sn, and Cu/Sn in (d), (e), and (f), respectively. The
green arrows in (f) indicate the locations of high Zn/Sn ratios (consistent with the
formation of embedded ZnS clusters within the nanoparticles).

The amounts of Cu, Zn, Sn, and S fluctuate within individual nanoparticles for all of
the three recipes, leading to varied cation intensity ratios (plotted explicitly in Figure 2d,
2e, and 2f). This is despite the fact that SEM-EDS determines a consistent cation ratio
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for each recipe: these fluctuations are averaged out over the large number of particles in a
given area probed by SEM-EDS. This indicates that the intra-particle nonuniformity leads
to a CZTS composition that fluctuates within a nanoparticle without conserving the
stoichiometry. Additionally, the cation intensity ratios vary from particle to particle, in
agreement with the observed inter-particle nonuniformity in recent reports.23,61 In general,
Cu and Zn profiles fluctuate more intensely within each particle than the Sn profiles do.
For example, in Figure 2.2a, Zn concentrates at the center region of the leftmost
nanoparticle. Another example is the rightmost nanoparticle, where Zn accumulates at the
area where Cu is relatively deficient. The Zn/Sn ratio reaches and even exceeds the
Cu/Sn ratio in both of the Zn-rich regions, but it maintains about half of the value of
Cu/Sn elsewhere, suggesting that the variation of Cu and Sn profiles is relatively
independent of Zn concentration. The variations observed in the Cu/Sn ratios in Figure
2.2d (Recipe A) are not surprising considering the potential for the formation of several
Cu-Sn-S polymorphs (such as Cu2SnS3, Cu4SnS4, or Cu2Sn4S9).67 Consequently, CZTS
nanoparticles that contain Zn-rich and Zn-deficient domains might have a greater chance
of cation intermixing due to their local compositions, which have deviated from the
stoichiometric ratio.10 Recipe B (which shows a slightly smaller average nanoparticle size)
has a high Cu content within the rightmost 5-nm nanoparticle in Figure 2.2b. For the
particle in the middle, Cu is depleted near the right edge. Although SEM-EDS obtains a
Cu-poor composition for recipe B in Table 2.2, particles with either a high- or a low-Cu
content are both found in Figure 2.2e. In the case of recipe C, a similar Cu/Sn ratio
fluctuation is observed for the CZTS nanoparticle with a size of about 30 nm on the right
side in Figure 2.2f. Surprisingly, the two small nanoparticles (~10 nm) on the left side
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have exceptionally high Zn/Sn ratios, suggesting that these two particles are ZnS. The
same observation applies to most of the small particles when using STEM-EDS to
examine the recipe C particles. Both ZnS and CZTS nanoparticles are found in the
product of a recipe C synthesis. While we present only a small subset of the STEM-EDS
obtained from these systems, the images and spectra shown in Figure 2.2 are
representative of the overall population of each synthesis method.
PXRD was used to determine the crystallographic structure of the nanoparticles and
detect the impurity phases except ZnS and Cu2SnS3.56 The three patterns that were
obtained corresponded to recipes A, B, and C agreed with the simulated kesterite CZTS
reference in Figure 2.2.10 Based on Scherrer’s formula, recipe C has more particles
having larger crystallite sizes (bimodel size distribution in Figure 1f) than the other two.
This was probably due to a higher synthesis temperature.68 Each reflection has a narrower
full-width half-maximum (FWHM); STEM/TEM imaging of these samples was
consistent with this global average determination of the particle size distribution. As a
result of this, some of the minor reflections such as (011) at ~18°, (110) at ~23°, and (121)
at 38°, which are hardly observed in nanoparticle samples due to peak broadening, can be
identified in the recipe C pattern. Common impurity phases such as Cu2-xS, CuS, SnS,
SnS2, and wurtzite-derived CZTS, which have distinct crystallographic structures from
kesterite, were never found in the patterns. Despite the fact that we have observed ZnS
nanoparticles using STEM-EDS in recipe C, the similar peak locations among kesterite
CZTS, zinc blende ZnS, and cubic Cu2SnS3 (CTS) prevented PXRD from identifying
these two secondary phases. For both recipe A and B (where we find Cu and Zn
fluctuations within the nanoparticles), we also notice that their (112) reflection has a
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shoulder peak (~27°) on the left side, as was reported in our previous work.10 Although
the shoulder peak was found near 26.8°, a reflection belonging to the wurtzite-derived
CZTS phase, other characteristic wurtzite reflections (such as the ones at 30.3° and 51.2°)
are not identified in the patterns.69 Instead, as we suggested earlier, since these particles
had a higher chance of cation intermixing, this shoulder peak is likely caused by the
cation antisite defects, which are mainly CuSn and SnCu.10

Figure 2.3 PXRD patterns of recipes A, B, and C aligning with the simulated kesterite
CZTS reference.10

In order to further examine the phase purity, Raman spectra were collected using a
HORIBA Jobin Yvon LabRam HR800 system equipped with an excitation laser
wavelength of 633 nm (Figure 2.4). The strongest Raman peak from CZTS can be found
at 338 cm-1; this peak is attributed to the A1 vibration mode of S atoms bonded with the
neighboring Cu, Zn, and Sn atoms.70 A broadening of the A1 Raman peak and a small red
shift are observed in recipes A and B, due to their reduced nanoparticle size.71 Similar
size-related broadening and peak shifts are also seen in the other CZTS peaks at 252, 287,
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351, and 368 cm-1, to some degree.72 Raman peak broadening and shifts have been
reported for other nanocrystalline materials, a phenomenon that is attributed to phonon
confinement. The linewidth broadening and peak shift are determined by the integration
of the crystallite size distribution and the phonon dispersion relation with respect to the
given vibrational mode.73,74 Despite observing ZnS nanoparticles in recipe C (see Figure
2.2), the Raman peak associated with ZnS (257 cm-1) is never detected in the Raman
spectra.72 This is due to the fact that the specific scattering mode was unable to be excited
by the 633 nm laser wavelength.75,76 In addition, for all three recipes, some of the
shoulders and minor peaks (indicated by the magenta dotted lines) can be correlated to
the cubic Cu2SnS3 phase, despite the fact that CTS nanoparticles are not inferred from the
STEM-EDS linescans.72 We speculate that these observed shoulders and minor peaks
arise from the Zn-deficient domains shown in Figure 2.2a and 2.2b, since the Raman
active vibrational modes are sensitive to the bond strength between the sulfur atom and
the surrounding metal ions, which are CTS-like for those Zn-deficient tetrahedra.70

Figure 2.4 Raman spectra of recipes A, B, and C. The majority phase of CZTS is
indicated by black dashed lines and a secondary phase of cubic Cu2SnS3 by magenta
dash-dotted lines.70,72
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Although recipes A, B, and C yield CZTS nanoparticles, the STEM-EDS linescans
clearly indicate the presence of compositional inhomogeneity within individual
nanoparticles. Consistent with the previously reported inter-particle inhomogeneity,10,23,61
the existence of intra-particle nonuniformity points out that the intricate MSNs formation
is driven by the kinetic effects during a synthesis, especially when viewed in light of
current understanding of nucleation and growth processes of nanoparticles. For the
nucleation and growth of nanoparticles, the following processes are generally considered
to be operative:38,77-81
•

Monomer formation from the precursors

•

Monomer aggregation into clusters

•

Nucleation, when clusters reach a critical size

•

Monomer addition to the nuclei, leading to the growth of particles

•

Particle attachment (by oriented attachment or agglomeration)

•

Particle dissolution by monomer dissociation

As the number of species in a synthesis reaction increases, each of the processes
above increases the likelihood of forming heterogeneous nanoparticles. For the
Cu2ZnSnS4 system, one would expect that at least the following are potential monomer
species: CuxS, SnS, SnS2, ZnS, and Cu2SnS3, likely as complexes in solution. Unless
these aggregate in the correct proportion to nucleate CZTS, the majority of the initial
nuclei will likely be of whatever species is least soluble or has the highest rate constant.
Even if nucleation of phase-pure CZTS occurs, as a nanoparticle grows, stoichiometric
monomer incorporation is necessary to maintain proper CZTS stoichiometry. Again, this
is highly unlikely, as each monomer addition reaction will have its own rate constant.
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Those species with the highest initial rate will be incorporated more quickly, with a
slower incorporation as their concentration depletes. Given enough time at elevated
temperature in solution, some of this heterogeneity may disappear as species diffuse and
re-distribute within a nanoparticle.68 Nanoparticles may also join others through sintering
and coalescence; if dissimilar in composition, the resulting nanoparticle will also
demonstrate intra-particle nonuniformity.
In light of this, we can make some observations for these three recipes. It is
interesting that, while recipes A and B are very different synthesis techniques, the
resulting nanoparticles are quite similar in terms of size, shape, average composition, and
compositional fluctuations. As all the precursors are heated together in recipe B, it is
reasonable to assume that significant reactions would take place during the ramp to the
reaction temperature. For example, it is well known that oleylamine can readily reduce
Cu(acac)2 to copper nanoparticles at temperatures as low as 150 °C.82 Copper sulfide
nanoparticles are also readily formed with dissolved elemental sulfur and Cu(acac)2 in
oleylamine at temperatures ~100 °C.83 In recipe A, the co-injection of cation and anion
precursors was employed specifically to avoid these reactions during the temperature
ramp, with the goal of producing a more uniform product. The similarity in the final
product suggests that either the product has reached an equilibrium state (in which case
the path taken is not relevant) or that the reaction is proceeding along a similar
mechanistic pathway in forming the product. The existence of the compositional
fluctuations is an inherently nonequilibrium state, suggesting the former explanation is
doubtful. The latter is likely true, suggesting the precursors are undergoing similar
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reactions in forming the resulting nanoparticles. The existence of the nonuniformity can
be seen as a result of the different rate constants for different monomer addition reactions.
Recipe C is unique in that we observe a bimodal size distribution that appears to
correspond to distinct phases. As the overall composition of the particles is found to be
Zn rich, we may postulate that the Zn-S monomer is less soluble than other monomers in
TOPO at the reaction temperature, such that CZTS is in equilibrium with the solution and
ZnS also nucleates to reach equilibrium. This would account for the unexpectedly high
Zn ratio in the product. Another possibility is that at the elevated temperature the reaction
kinetics for the formation of ZnS and CZTS are both favored. Both nucleate, and over the
course of the reaction Ostwald ripening takes over, dissolving some of the ZnS to form
larger CZTS particles. As recipe C is run at the highest temperature of the three, we
expect its precursor to be consumed more quickly. Hence, there would be a greater period
for growth through Ostwald ripening.
Though it is difficult to rule out the possibility, in none of the recipes did we observe
specific evidence of oriented attachment or growth by particle agglomeration or
coalescence (such as necked particles). The sulfur deficiency observed by Steinhagen et
al. for recipe B may be explained by the loss of H2S to the gas phase during the
temperature ramp before the metals have reacted with the sulfur.84 This seems to be
avoided by co-injection at the reaction temperature for recipe C, and by co-injection and
use of excess sulfur for recipe A. Of course, greater understanding of the complex
nucleation and growth reactions is a subject of intense ongoing research.
In the case of CZTS, despite the presence of intra-particle compositional
inhomogeneity, the nanoparticles can be further processed into high quality thin-film
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solar cells.10 The nanoparticles from recipe A were reacted with Se vapor at 500 °C and
coarsened into micrometer-sized CZTSSe, using the selenization process developed by
our group.32,53 Figure 2.5a presents a STEM image of a CZTSSe thin film prepared by
focused ion beam (FIB) lift-out, from a solar cell that achieved 9.0% power conversion
efficiency under AM1.5 illumination with an effective area of 0.47 cm2.10 Using a
minimum collection angle of 64 mrad, the STEM image (Figure 2.5a) exhibits contrast
consistent with the atomic mass of the specimen (this is because the specimen thickness
was controlled using a FIB lift-out specimen preparation technique, creating uniform
thickness across the image). The CZTSSe layer has uniform contrast horizontally
throughout the layer, indicating compositional uniformity. A STEM-EDS linescan at a
location indicated by the blue arrow in Figure 2.5a was performed to examine the
compositional distribution on a similar scale (100 nm in length) as in Figure 2.2. The
uniformity in the EDS signals in Figure 2.5b and 2.5c is direct evidence that the intraparticle inhomogeneity, which was initially present within the CZTS nanoparticles, has
been predominantly homogenized during the growth of CZTSSe grains in Se vapor at
500 °C. This result strongly suggests that the original compositional nonuniformities
inside the individual nanoparticles are a result of kinetic effects associated with monomer
incorporation during growth, and that with sufficient thermal driving force, the
composition can be driven to a thermodynamic equilibrium.68 Another linescan
performed across the entire cell from bottom to top, indicated by the green arrow in
Figure 2.5a, shows the formation of a fine grain layer during the high temperature
selenization process. The fine grain layer has a bilayer structure, in which the top layer
consists of nanometer-sized selenide particles containing all three cations, while the
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bottom layer contains Se and C – the Cu signals in this layer can be merely an artifact of
the FIB thinning process.85 This suggests that Se vapor diffuses into the CZTS
nanoparticle layer vigorously while forming CZTSSe grains at the top surface. As the
CZTSSe grains coarsen into the thermodynamically favorable phase, a complex
combination of cation diffusion driven by free energy gradients due to size differences
between the coarsened grains and nanoparticles leads to the observed compositional
gradient through the fine grain layer and the CZTSSe grains. This suggests that the
nanoparticles beneath supplied the Cu, Zn, and Sn to the coarsened CZTSSe grains on the
top. The fine grain layer, having a composition that deviates from the cation ratio of
micron-sized CZTSSe, is left behind as evidence that the system was unable to provide
cations in a ratio that was needed to grow the larger, near-stoichiometric CZTSSe grains
to completion of selenization. Despite the fact that the cation diffusion from the
nanoparticles that are underneath the sintered film acts to reduce the compositional
inhomogeneity within a coarsened CZTSSe grain during the high temperature
selenization process, compositional gradients still exist across both the resultant fine
grain layer and the large CZTSSe grains. The fine grain layer that had different
compositions from the coarsened CZTSSe grains affected the series resistance in the cell
and limited the fill factor. Presumably, a compositionally uniform CZTS nanoparticle
film is expected to serve as a stable supply of Cu, Zn, and Sn and reduces the chance of
forming the fine grains that compromise the localized cation ratio variations among the
CZTS nanoparticle films.
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Figure 2.5 (a) STEM Z-contrast image of a CZTSSe thin-film solar cell. (b) STEM-EDS
linescan 1 indicated by the blue arrow in (a) showing the compositional profiles of Cu,
Zn, Sn, Se, and S. (c) Intensity ratio based on the compositional profiles in (b) showing
the reduced cation ratio fluctuations after selenization. (d) STEM-EDS linescan 2
showing the elemental distribution throughout the entire solar cell from the Mo back
contact to the MgF2 anti-reflective coating, indicated by the green arrow in (a).
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2.4 Conclusion
In summary, we have shown the existence of both intra-particle and inter-particle
compositional inhomogeneity in MSNs using STEM-EDS. As a case study, three
synthesis methods that have been previously reported in the literature were used to
prepare the CZTS nanoparticles. Each of the syntheses leads to nanoparticles that have
some degree of compositional inhomogeneity within individual nanoparticles. This
indicates that careful studies are required to determine the structural and compositional
uniformity of MSNs, since the kinetic effects associated with monomer incorporation
during nanoparticle growth may lead to fluctuations in both their structure and
composition. Despite the presence of inhomogeneity in the individual MSNs, we also
find that the subsequent high temperature heat treatment – selenization for the case of
CZTS nanoparticles – leads to an effective redistribution of the species within MSNs,
leading to enhanced homogeneity in the coarsened, micron-sized multinary phase. In the
case of CZTS, the resulting CZTSSe layer has a more uniform composition and leads to
the formation of high quality solar cells. For other classes of MCNs in their respective
applications, it would be expected that multinary semiconductor nanoparticles might
show similar compositional inhomogeneity when considering the multiple stages that
occur during synthesis. Additionally, the results described herein clearly indicate that to
claim the creation of “monodisperse” MSNs requires more than a measurement of
particle size distribution and PXRD: nanoscale STEM-EDS is critical in describing the
compositional uniformity of the structures as well. Finally, it is apparent that the creation
of compositionally uniform multinary semiconductor nanoparticles requires an intricate
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balancing of solubilities and reactivities of all monomer and particle species in the
reaction solution — a challenging task and one that requires further study.

34
2.5 Supporting Information

2.5.1

Synthesis of Cu2ZnSnS4 Nanoparticles Using Various Recipes

In synthesizing the particles of recipes A, B, and C, effort was taken to reproduce the
synthesis

procedures,

including

purging

techniques

and

particle

washing

procedures.10,55,56 Like any publication, there are some steps not explicit in these
publications, which we attempted to reproduce based on our best judgment. In the case of
recipes B and C, the authors note that the product is washed to remove undesired
byproducts. Details of our interpretation of their synthesis and washing procedures are
included below.
Recipe B
To reproduce the synthesis recipe reported by Steinhagen et al., 1.97 mmol copper (II)
acetylacetonate, 1.58 mmol zinc (II) acetate, 0.80 mmol tin (II) chloride, and 4.05 mmol
elemental S flakes were added to 40 mL oleylamine in a 100-mL, three-neck flask
connected to a Schlenk line. Stirred at 400 rpm, the solution was degassed under vacuum
at room temperature for two hours, then heated to and held at 110 °C for 30 minutes
while being purged with argon (instead of N2). Next, the solution was heated to 280 °C,
held at that temperature for one hour, then removed from the heating mantle and allowed
to cool to room temperature naturally.
To wash and size-separate the particles, the reaction product solution was split evenly
across four, 30-mL centrifuge tubes. Each tube was then filled with ethanol and
centrifuged at 14 krpm for five minutes, yielding a translucent yellow supernatant. After
decanting the supernatants, the settled particles in each tube were dispersed in chloroform
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and combined into a single centrifuge tube, which was then filled with chloroform and
centrifuged at 8 krpm for two minutes. This step yielded a black supernatant containing
the desired particles and settled particles believed to be the “solid reaction byproducts
and poorly-capped nanocrystals” described by Steinhagen et al. The collected particles in
the precipitate had a composition similar to the final particles from the black supernatant
as determined by standardless quantitative analysis using SEM-EDS: Cu/(Zn+Sn) =
0.91±0.02, Zn/Sn = 1.18±0.04. The black supernatant was split into three centrifuge tubes,
which were then filled with ethanol and centrifuged at 14 krpm for five minutes, yielding
a clear supernatant that was discarded. The settled particles in each tube were dispersed
in equal amounts of chloroform and then consolidated into a single tube and washed two
more times using chloroform/ethanol as the solvent/antisolvent pair and centrifugation at
14 krpm for five minutes. The clear supernatant was discarded after each step, and after
the final step the settled particles were dried under nitrogen.
Based on the washing procedure it is not surprising that we did not isolate particles of
the exact same bulk composition as Steinhagen. We have found the ratio of ethanol to
mother liqueur to be an important parameter in controlling the flocculation of particles
and we were unable to deduce this from the publication. Furthermore, the geometry of
various centrifuges (rotor size, etc.) will result in different acceleration forces on the
particles affecting the separation. Hence, differences in the two isolated pellets are to be
expected and elucidate some of the typical difficulties in reproducible nanoscale
synthesis.
Recipe C
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In the case of recipe C, the authors present data for aliquots at 15-minute intervals up
to 75 minutes. For our analysis we used the particles at the end of the 75-minute period
without taking any aliquots.
For the washing of the nanoparticles, we followed the steps in the supporting
information supplied by Riha et al. We observed that, after the first methanol wash, a
small amount of a second immiscible liquid phase was present with all particles settled at
the bottom. The supernatant was clear and colorless to perhaps a faint yellow. This was
true of each subsequent wash including the final hexanes wash. We discarded the
supernatant in all cases. While Riha et al. used the final hexanes wash to remove
“agglomerated or bulk constituents”, this proved ineffective in our hands, as all particles
settled to the bottom of the centrifuge tube. This again may have been a result of
differences in centrifuges and the ratio of methanol to mother liqueur, inducing stronger
flocculation.
While Riha et al. do not report a quantitative composition of the nanoparticles, they
state that the “the relative elemental ratios for Cu:Zn:Sn:S were consistent with the
2:1:1:4 stoichiometry.” This refers to particles of the 45-minute aliquot, whereas we
characterized the final particles at 75 minutes. Riha et al. report that DTA of the particles
suggested the particles to be phase pure, but it is not clear on which aliquot the DTA was
performed, though we believe it was the 45-minute aliquot. The presence of ZnS we
identified in STEM-EDS may be because, when performed by Riha et al., this was
removed in the washing separations or that a different aliquot was analyzed than the 75minute product we have used here.
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Notwithstanding the differences, the message of the paper remains unchanged that
compositionally uniform nanoparticles of Cu2ZnSnS4 are a challenge to synthesize.

2.5.2

Quantitative Analysis using Scanning Electron Microscopy and EnergyDispersive Spectroscopy

We obtained the overall compositions of the CZTS nanoparticles for recipes A, B,
and C (in Table 2.2) using energy-dispersive spectroscopy (EDS) in a 20 kV fieldemission scanning electron microscope (SEM, FEI Quanta). The spectra in Figure 2.6
were collected using an Oxford EDS silicon drift detector (SDD, X-MaxN 80 mm2) and
then processed with a standardless quantitative analysis based on the Cliff-Lorimer
method in the Aztec software. The nanoparticle films were drop-cast on Si substrates for
the EDS analysis; therefore, Si emission lines can be observed in the spectra. The labeled
lines (except Si) were used for the standardless quantitative analysis.

Figure 2.6 EDS spectra of CZTS nanoparticles prepared using recipes (a) A, (b) B, (c) C.

2.5.3

Annular Dark-Field (ADF) Imaging and Particle Size Distribution
Measurement

The nanoparticle inks prepared using recipes A, B, and C were diluted with toluene
and drop-cast on gold grids coated with ultrathin carbon on holey carbon films (Ted Pella)
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to make the specimens. The particles were then imaged in the 200 kV probe-corrected
dedicated scanning transmission electron microscope (STEM, Hitachi HD 2700C). The
particle size measurements were completed using multiple STEM ADF images for each
recipe in the ImageJ software.

2.5.4

Spatial Resolution of Scanning Transmission Electron Microscopy and
Energy-Dispersive X-ray Spectroscopy

In this work, we used EDS intensively in a 200 kV dedicated STEM equipped with a
CEOS probe corrector that corrected spherical aberration (Cs) in the condenser lens
system. In the interest of chemical fluctuations within the nanoparticles, we need to
estimate the spatial resolution of the STEM-EDS technique so that we are able to
determine the minimum distance between two points that the difference in the
characteristic X-ray photon intensity can be resolved. The spatial resolution of STEMEDS analysis is influenced by both beam size and beam spread. One can define the value
of spatial resolution (R) by adding the beam diameter (d) and the amount of beam spread
(b) in quadrature:86
1

𝑅𝑅 = (𝑏𝑏 2 + 𝑑𝑑 2 )2

Equation 1

By lowering Cs, the probe size is reduced to ~1 Å using the probe corrector in the 200 kV
dedicated STEM (Hitachi HD 27000C).65 The effect of beam spreading creates a coneshaped interaction volume as the electron beam passes through the thin specimen. The
amount of beam spread depends on the specimen and the electron source and can be
defined by:87
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1 3

𝑏𝑏 = 8 × 10−12 𝐸𝐸 𝑁𝑁𝑣𝑣 2 𝑡𝑡 2
0

Equation 2

where Z is the atomic number of the specimen material, Nv is the density of atoms per
meter cube, t is the specimen thickness, and E0 is electron energy in keV. To define the
spatial resolution that reflects the overall effect in the middle of the specimen thickness
using the diameter of the exit-probe Rmax given by Equation 1, the modified spatial
resolution can be expressed as:86
𝑅𝑅 =

𝑏𝑏+𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

Equation 3

2

The estimated spatial resolution of EDS using the 200 kV probe-corrected STEM with
respect to the CZTS nanoparticles (Z ~25 and Nv ~5×1028 m-3) with a thickness (diameter)
of ~20 nm is derived accordingly as 0.38 nm. That being said, while we do not claim
atomic-resolution STEM-EDS, it is clear that any compositional fluctuation at the
nanoscale can be easily detected.

2.5.5

Powder X-ray Diffraction Patterns of CZTS Nanoparticles

To show the details of the powder X-ray diffraction (PXRD) patterns, the three
patterns collected from the nanoparticles prepared using recipes A, B and C are presented
in Figure 2.7. The references of kesterite Cu2ZnSnS4 (CZTS),10 wurtzite-derived CZTS,69
zinc blende ZnS (JCPDS 01-080-0020) and cubic Cu2SnS3 (CTS, JCPDS 01-089-2877)
below exhibit the similarity of these phases in PXRD patterns. The blue arrows indicate
the unknown reflections located at the left shoulder of the (112) peak of kesterite CZTS
phase. Despite the fact that the shoulder at 26.8° can be considered as one of the
reflections belonging to the wurtzite-derived CZTS phase, other reflections (such as the
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ones at 30.3° and 51.2°) were hardly identified.69 Therefore, we conclude that the
shoulder peak is the forbidden reflection caused by the CuSn and SnCu antisite defects in a
kesterite CZTS unit cell.10

Figure 2.7 Powder X-ray diffraction patterns of recipes A, B, and C plotted in square-root
of intensity as a function of 2θ and compared with the references of kesterite
Cu2ZnSnS4,10 wurtzite-derived Cu2ZnSnS4,69 zinc blend ZnS (JCPDS 01-089-2877), and
cubic Cu2SnS3 (JCPDS 01-089-2877).
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CHAPTER 3.

LIQUID SELENIUM ASSISTED SINTERING PROCESS OF

CZTS NANOPARTICLES TO DERIVE KESTERITE THIN-FILM SOLAR CELLS

3.1 Introduction
Earth abundant Cu2ZnSn(SxSe1-x)4 (CZTSSe) thin-films have been prepared using a
variety of processing technologies. Each of them aims at solving the puzzle that leads to a
thick, uniform absorber for photovoltaic applications.1,2
A hydrazine-based solution process has been demonstrated to deposit CZTSSe films
(~2 um in thickness) that leads to a world record power conversion efficiency (PCE) of
12.6% for kesterite solar cells.64 Selenide Cu2ZnSnSe4 (CZTSe) films have also been
prepared using co-evaporation and achieved 11.6% in PCE.88 However, the use of toxic
hydrazine and spin-coating as long as the delicate evaporation process that requires
precisely controlled elemental flux, pose challenges for mass production.1,57 To fulfill this
need, nanoparticle ink-based methods that use particle precursors with a cation ratio close
to the targeted film composition show great potential for cost-effective, low-toxicity
CZTSSe manufacturing. Sulfide Cu2ZnSnS4 (CZTS) colloids, or a mixture of ternary
(Cu2SnS3) and binary (ZnS and SnS) colloids, are commonly used as the particle
precursors to deposit particle films that are annealed (in inert gas or S vapor) and/or
selenized (in Se vapor) to derive CZTSSe thin-films. In the case of annealing, using
CZTS particles along with solid S in a sealed and evacuated ampule at 600-800 °C, it was
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found that the film microstructure was governed by the competition between two growth
mechanisms: normal grain growth and abnormal crystal growth.24 This agreed with our
previous finding that crystal growth driven by the free energy gradient due to the size
difference between large and small CZTSSe grains leads to the formation of giant
CZTSSe grains in Se vapor.69 On the other hand, when selenizing precursor films that
consist of a mixture of Cu2SnS3, ZnS, and SnS nanoparticles, a solid-solution of
Cu3Sn(SxS1-x)4-ZnS formed as an intermediate phase on the top of precursor films, which
eventually densify into the CZTSSe films.29
Although these works probed the growth of CZTSSe films and tried to shed light on
the possible growth mechanisms, there is lack of study on the densified CZTSSe film
derived by selenizing the CZTS nanoparticles with a close-to-targeted composition,
which is more promising for its 9.3% efficiency performance.9 Despite the fact that these
CZTS nanoparticles inherited the inter- and intra-particle compositional inhomogeneity
during colloidal synthesis, which presumably created elemental fluctuations within a
compact particle precursor film, the fluctuations in the densified CZTSSe film were
reduced by selenization treatment.89 This indicates that Se plays a significant role rather
than merely replacing S in CZTSSe during the crystal growth. For a compact precursor
film of CuInSe2 particles, it was found that a layer of Se pre-deposited on the top of the
film melted and promoted the densification of particles.18
This suggests that gaseous Se can play a similar role to assist the crystal growth of
CZTSSe. To further improve the CZTSSe thin film for high efficiency solar cell
performance, there is a need to verify this assumption and to fill the gaps in
understanding the growth mechanism from CZTS nanoparticles to a polycrystalline
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CZTSSe film. A systematic study on a series of CZTSS films that are selenized for
various periods of time (5, 10, 20, 40 min) is presented in this work. In the selenization
setup, the films and solid Se pellets are immediately transferred into the hot zone (500 °C)
of a tube furnace filled with Ar at 1 atm for a designated period of selenization time.
Therefore, the time variable governs the progress in microstructure evolution. We use
scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy
to investigate the change in film morphology and phase transformations. Analytical
electron microscopy is also performed to interrogate the FIB-prepared specimens that are
lifted off from these films. Specifically, we obtain the elemental distribution of these
films using scanning transmission electron microscopy (STEM) and energy-dispersive Xray spectroscopy (EDS). To further observe the interaction between CZTS nanoparticles
and gaseous Se, particles drop-cast on Si3N4 grids are selenized using the same conditions
as the compact particle precursor films, and are studied by STEM-EDS. These results
confirm the existence of liquid Se spreading across the nanoparticle films during
selenization and uncover the liquid Se assisted sintering process that produces densified
CZTSSe films.
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3.2 Experimental Method
CZTS nanoparticles were synthesized using a hot-injection method.10 Cation and
anion precursor solutions were prepared separately in a glove box by dissolving cation
salts – copper (II) acetylacetonate, zinc (II) acetylacetonate, and tin (IV)
bis(acetylacetonate) dichloride – and elemental sulfur in oleylamine (OLA). Both
solutions were stirred vigorously and heated to 60 °C separately. Another three-neck
flask containing 12-ml OLA was preheated and purged with Ar at about 120 °C three
times before raised to 250 °C (reaction temperature). Following the injection of S-OLA
solution, the cation precursor solution was injected into the hot OLA to start the reaction,
which lasted 60 min. The product was treated with two subsequent washing procedures to
remove the unused reactants and byproducts. Each washing procedure was repeated three
times. During the first washing procedure, the product was dispersed in hexane and
mixed with isopropanol that served as an antisolvent. After centrifugation at 15 krpm for
5 min, the nanoparticles were pressed into a compact pellet and were collected for a
repeat wash, or for the second washing procedure if being repeated three times. The
second washing procedure was a similar course but replacing the antisolvent with a
mixture of isopropanol and methanol to strip off excess OLA from the nanoparticles. The
collected nanoparticles after the subsequent washing procedures were dispersed using
hexanethiol to make ink with a powder loading of 200 mg/ml.
Nanoparticle ink was deposited on a Mo-coated soda lime glass (SLG) substrate using
doctor blade. Each coating was dried and baked on a hotplate that was set at 300 °C for
60 sec in an air environment. Two coatings were applied to complete a nanoparticle film
with 1 µm in thickness, as shown in Figure 1.3.
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The nanoparticle films were placed with selenium pellets in a graphite box and it was
pushed into a tube furnace that was filled with Ar and maintained at 500 °C at 1 atm to
initiate a selenization process. Once the graphite box was kept inside the tube furnace for
a designated period of selenization time, the heat was immediately removed and the
system was cooled down to room temperature by a continuous Ar flow. A variety of
periods of selenization time (5, 10, 20, 40 min) were employed in this work, and the
resultant films were labelled as samples A, B, C, and D, respectively, to study the
microstructure evolution during selenization.
To investigate how individual CZTS nanoparticles interact with Se vapor in a
graphite box, a monolayer of nanoparticles on Si3N4 grids were treated by the same
courses of selenization as the nanoparticle films on Mo-coated SLG substrates and are
studied using analytical transmission electron microscopy (AEM). For preparing
monolayers of nanoparticles, the same nanoparticle ink (suspension in hexanethiol) was
diluted to have a powder loading of 2 mg/ml using toluene. The diluted suspension was
then drop-cast on ultra-pure DI water contained in a petri dish. As the solvents
evaporated, a shiny layer of Langmuir-Blodgett film was formed at the air-water interface.
A dip-coating technique was then performed to deposit the nanoparticles by immersing
the Si3N4 grids in the water and subsequently pulling them through the monolayer of
nanoparticles. Four nanoparticle-coated grids were assigned as grid A, B, C, and D and
were selenized for various periods of time (5, 10, 20, 40 min, respectively) using the
graphite box and tube furnace. The selenized grids are ready for analysis in AEM.
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3.3 Results and Discussion
The cross-sectional views of the selenized films are imaged using field-emission
scanning electron microscopy (FE-SEM) in Figure 3.1 a-d. It is found that the
nanoparticle films experienced a series of microstructure evolutions (5, 10, 20, and 40
min) during the selenization. CZTSSe grains nucleated and grew to form a continuous
layer on the top surface of nanoparticle films in less than 5 min. When comparing the top
morphology of the films in Figure 3.1 e-h, the CZTSSe grains that are selenized for 5 min
are shaped in polyhedra with sharp corners and lead to a rough surface and pinholes. As
the films are selenized for longer periods of time (10, 20, and 40 min), the polyhedronshaped grains develop rounded corners and increase in size, leading to a top morphology
with almost zero pinholes. This suggests that densification occurs in the coarsened
CZTSSe layer during selenization. The thickness of this layer is also found to increase
gradually with prolonged selenization time.
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Figure 3.1 SEM micrographs of the (a-d) cross-sectional and (e-h) top views of CZTSSe films that are selenized for various periods of
time: (a,e) 5 min, (b,f) 10 min, (c,g) 20 min, and (d,h) 40 min. The scale bar is 500 nm for (a-d) and is 1 μm for (e-h).
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On the other hand, the nanoparticle films underneath the coarsened CZTSSe grains
developed a distinct microstructure that looked like a smear of fine grains during
selenization, hereafter referred to as a fine grain layer. The crystalline fine grains are
surrounded by amorphous substances, which we determined as Se using energydispersive X-ray spectroscopy (EDS). The thickness of this fine grain layer reduces with
prolonged selenization time in Figure 3.1 a-d.
Powder X-ray diffraction (PXRD) was performed to investigate the potential change
in crystallographic structure during selenization. PXRD patterns of samples A, B, C, and
D are shown in Figure 3.2. The four patterns agree with a kesterite phase when
comparing with the simulated patterns of CZTS (JCPDS 26-0575) and CZTSe (JCPDS
01-070-8930), but show a linear shift in reflection locations of (112), (220)/(204), and
(312)/(116) toward a lower 2θ (the selenide version) as the samples are selenized for a
longer period of time in Figure 3.2b. The narrow full width at half maximum (FWHM)
suggests that these four PXRD patterns are contributed mainly by the coarsened CZTSSe
grains that form at the top of the fine grain layer in Figure 3.1. On the basis of Vegard’s
law, the linear relation between the lattice parameters of the CZTSSe phase and its Se/S
ratios, which is determined by the period of selenization time, indicates that a longer
selenization time results in a greater Se/S ratio. Although sample A is only selenized for 5
min, the reflection location suggests that Se has replaced most of S,s leading to a kesterite
structure that is mostly the selenide phase. With longer periods of selenization time,
samples B, C, and D show greater dominance of CZTSe in the CZTSSe solid solution.
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Figure 3.2 (a) X-ray diffraction patterns of CZTSSe films after various periods of
selenization time (5, 10, 20, 40 min). (b) Detail views of the reflections corresponding to
(112), (220)/(204), and (312)/(116) planes. Simulated patterns of pure sulfide CZTS
(JCPDS 26-0575) and pure selenide CZTSe (JCPDS 01-070-8930) are labeled with
orange circle markers and blue square markers, respectively.

The increasing Se/S ratio in the CZTSSe solid solution as the films experience a
longer period of selenization time can also be observed using Raman spectroscopy. In
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Figure 3.3, Raman spectra of samples A, B, C, and D were collected using a HORIBA
Jobin Yvon LabRam HR800 system equipped with an excitation laser wavelength of 633
nm. The spectra were normalized and fitted using a pseudo-Voigt function in HORIBA’s
LabSpec 5 software to show the peak locations and FWHM. Both A1 mode (196 cm-1)
for CZTSe and A1 mode (338 cm-1) for CZTS are observed in the spectra.90,91 The greater
peak intensity for CZTSe than for CZTS suggests the dominance of the selenide phase.
The relative increase in the 196 cm-1 peak intensity and decrease in the 338 cm-1 peak
intensity with longer period of selenization time show qualitatively the accumulation of
Se and depletion of S in the CZTSSe grains. Furthermore, a shoulder peak (~ 205 cm-1) is
found in the case of sample A to have comparable intensity to the A1 mode for CZTSe.
This shoulder peak is correlated with a frequency shift of CZTSe A1 mode due to the S
constituent in the solid solution.91 For the rest of samples, which were selenized longer,
the shoulder peak reduced in intensity and was barely observed for samples C and D. The
shift in A1 mode frequency has been observed in Cu2ZnSn(SxSe1-x)4 and CuIn(SxSe1-x)2
solid solutions.91,92 The remnant S anions in some of the tetrahedra in CZTSSe phase
affect the bond-bending force with the neighbor cations and anions, and therefore, give
rise to the shift of vibration modes on the basis of the Keating model.70,93 The coexistence
of CZTSe A1 mode and the shoulder peak, and the unnoticeable shift in CZTS A1 mode,
suggests again that the selenide phase has dominated in the films that are selenized for
less than 5 min. The attenuated shoulder peak with longer selenization time represents the
transition of the sulfoselenide phase with a further reduced S content.
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Figure 3.3 Raman spectra of the CZTSSe films after various periods of selenization time.

Each thin lamella was lifted off from the individual selenized films and was attached
to a Mo grid (Omniprobe) using a manipulator in a focused ion beam microscope (FEI
Nova NanoSEM 200). Final thinning of the lamellae was completed with low kV gallium
ion beam (gradually reduced from 16 kV down to 5 kV) to reduce the formation of an
amorphous layer surrounding the lamellae. STEM-ADF imaging and EDS were
performed to investigate the microstructure and elemental distribution. Given that the
lamella thickness has been controlled to be about 40 nm, the high-angle annular dark
field (HAADF) images of the coarsened CZTSSe film in Figure 3.4 show a smooth
contrast from grain to grain without the thickness effects, suggesting the grains are
uniform in phase (atomic mass). Compared to this, the layer underneath the coarsened
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grains has a nonuniform, granular contrast, indicating that the fine grains may have
multiple phases with distinct compositions.
The STEM-HAADF images also exhibit the microstructural characteristics that were
hardly observed in the cross-sectional SEM micrographs in Figure 3.1. Grain boundaries,
and dihedral angles, which are measured between two contacting coarsened CZTSSe
grains, are shown clearly in the STEM-HAAD images in Figure 3.4. As a general trend as
we investigate the four selenized lamellae, the grain boundaries are often tilted from the
vertical direction of the film and the dihedral angles – which are measured between the
two adjacent grain surfaces at the neck – are sharp after 5 min selenization. For longer
selenization time, such as 10 and 20 min, the curved grain boundaries suggest the active
grain boundary motion that is essential for grain growth. The selenized lamella after 40
min selenization shows flatten grain boundaries and enlarged dihedral angles indicating
slowed grain growth and densification.
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Figure 3.4 STEM-HAADF images of the FIB-prepared lamellae lifted off from CZTSSe
films that were selenized for 5, 10, 20, and 40 min.

EDS linescans were performed across the selenized films, to study the phase
compositions of the coarsened CZTSSe grains and the fine grains, using the Oxford X-80
SDD attached to the 300 kV STEM (FEI Titan). The elemental distributions were
processed in the AZtec Software (Oxford) and displayed as Trulines in Figure 3.5.
Compared to the conventional count per second (cps) plots, Truline is generated based on
a series of characteristic X-ray emission lines (e.g. Cu K-series) that are correlated to the
element of interest in a collected spectrum, instead of an energy range where a single
characteristic X-ray emission line is located, and have improved accuracy to represent the
elemental distribution. For instance, the elemental distribution of sulfur in the fine grain
layers can be distinguished from the adjacent molybdenum in the MoSex/Mo layers so

54
that the artifacts related to the overlapping of emission lines can be avoided. Despite this,
the FIB-prepared lamellae still exhibit artifacts, such as false Cu signals in the fine grain
layers and the MoSex in Figure 3.5, due to Cu out-diffusion during the lift-off and
thinning processes. The porous microstructures of the fine grain layers and the MoSex
accumulate out-diffused Cu driven by the Ga ion-beam, and this leads to a high content
of Cu in these layers.85

Figure 3.5 Elemental distributions for the cations (Cu, Zn, and Sn) analyzed using
STEM-EDS and processed by Trulines in AZtec software.

Truline profiles of the anions across the four selenized films in Figure 3.6 show a
large quantity of Se spreading through the coarsened grain, and the underlying fine grain
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layer, whereas S is only found in the coarsened grains to form a sulfoselenide solid
solution which accounts for the detected sulfoselenide peak (~ 205 cm-1) in the Raman
spectra in Figure 3.3. For the films B, C, and D, the quantity of S was reduced and only
accumulated near the bottom part of the coarsened grains, suggesting S was evaporating
from the films for longer selenization time. After 40 min selenization, Se content in the
fine grain layer has a fluctuating profile as the same as that of the metal cations in Figure
3.5. This suggests that the excess Se start to escape from the selenized films once the Se
vapor pressure has dropped due to the slow leak of Se vapor from the graphite box.

Figure 3.6 Elemental distributions for anions (S and Se) analyzed using STEM-EDS linescans and processed by Trulines in the AZtec software.
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Cation profiles (Cu, Zn, and Sn) in Figure 3.5 are found to have consistent
Cu/(Zn+Sn), Zn/Sn, and Cu/Sn ratios in the coarsened grain. When examining the change
in Cu/(Zn+Sn) ratio across the coarsened grain carefully among the four selenized films
in Figure 3.7, it is interesting to discover that the CZTSSe grains at 5 min (sample A) has
a Cu-rich composition compared to the nanoparticle composition. The film composition
is found adjusting toward the targeted composition, namely the original CZTS particle
composition, when comparing the cation ratio profiles of samples B, C, and D (10, 20,
and 40 min, respectively). This finding agrees with the in situ energy-dispersive X-ray
diffraction (EDXRD) study on the selenization of CZTS nanoparticles using rapid
thermal process (RTP) in which Cu-rich CZTSSe grains were observed to form at the top
of the particle film in the beginning of selenization.17
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Figure 3.7 Atomic ratios distributions for Cu/(Zn+Sn), Zn/Sn, and Cu/Sn ratios analyzed
using STEM-EDS line-scans and processed in the AZtec software.

In contrast to the uniform distributions of Cu, Zn, and Sn in the coarsened CZTSSe
grains, the fine grain layer contains less Zn and Sn in Figure 3.5. Cu signals detected in
the fine grain and MoSex layers should not be taken into account because they are caused
by the above mentioned artifact. If the FIB-induced artifact due to Cu out-diffusion is
prevented, a small amount of Cu presumably co-exists with the scarce Zn and Sn detected
in the fine grain layer in accordance with the SEM-EDS maps (Figure 3.10) in the SI. The
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Zn and Sn profiles in the fine grain layers after 5 min selenization in Figure 3.5 show the
accumulation of metal cations near the coarsened CZTSSe grains. This indicates the mass
transport of metal cations toward the CZTSSe grains. The quantity of metal cations were
reduced after 10 min selenization but still showed more signals near the interface
between coarsened CZTSe grains and fine grains. The reduced cation signals may be
caused by the depletion of cations in the fine grain layer. However, the grain growth and
densification in the polycrystalline film can still reply on the diffusion paths through this
Se-rich layer; cations in the coarsened CZTSSe layer escape from the small grains and
reprecipitate on the large grains. The segregated metal cations in the fine grain layer after
20 min selenization represent the surplus of the cation flows as a product of the
interrupted solution-reprecipitation process. Toward the end of the 40 min selenization,
the Se content in the fine grain layer decreased dramatically leading to the shrinkage in
thickness. The fine grains, which were formed by the segregated metal cations and Se,
became the main feature of the remaining fine grain layer. Supported by the observations
above, the excess Se in the fine grain layer serves as the medium that facilitates the cation
diffusions for the CZTSSe film formation.
To study the role of Se and its interaction with CZTS nanoparticle, we analyzed the
nanoparticles that were dip-coat on separate Si3N4 grids and were selenized for 5, 10, 20,
and 40 min in the same condition as the nanoparticle films on the Mo-coated SLG
substrates. The dip-coating technique employed a floating Langmuir-Blodgett film,
which was constituted of CZTS nanoparticles, on the surface of ultra-pure DI water; a
Si3N4 grid was immersed in the water and subsequently pulled out through the floating
film at ~45° angle to deposit the nanoparticle films. In Figure 3.8 a and b, the STEM

59
HAADF images exhibit that the CZTS particles disperse well and form a monolayer on
the Si3N4 grid. Figure 3.8 c-f show the microstructural evolution of the particles that are
selenized for 5, 10, 20, and 40 min, respectively. Among the HAADF images, Se (grey
contrast) changes its morphology with respect to the period of selenization time whereas
CZTSSe grains (bright contrast) grow in size and alter their shapes. In the case of 5-min
selenization, CZTSSe grains formed on a layer of Se film, which wet on the Si3N4 grid
(dark contrast), as shown in Figure 3.8 c and d. It is found that Se films spread across the
areas where CZTS nanoparticles were located prior to selenization. The Se films are
confirmed using STEM-EDS as shown in Figure 3.11. The EDS spectrum collected from
the grey area shows the X-ray emission lines belonging to Se. The other spectrum
obtained from the dark area only has the signals accounted for the grid material.
As CZTSSe grains grew in size and developed shapes, which deviated from spherical
grains, after longer period of selenization time, Se altered from a wetting film to
particulates, which were scattered on the Si3N4 grid. While the same wetting Se film was
observed on another grid that was selenized for 10 min, as shown in Figure 3.8 e and f,
the Se film de-wet from the Si3N4 surface after 20 min selenization and evolved into
particulates that either separated from the CZTSSe grains or wet partially on the grain
surface, as shown in Figure 3.8 g and h. Se is no longer detected in the grey-contrast
background on the gird using STEM-EDS. The remaining patterns in the background
were possibly caused by the residual carbon species. After 40-min selenization, neither
Se films nor Se particulates were observed on the Si3N4 surface and the residual Se was
only seen on the CZTSSe grain surface, as shown in Figure 3.8 i and j.
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Figure 3.8 HAADF images of (a,b) as-deposited CZTS nanoparticles and (c-j) selenized particles on Si3N4 grids showing that Se
condenses and then solidifies in different morphology after (c,d) 5 min, (e,f) 10 min, (g,h) 20 min, and (i,j) 40 min of selenization time.
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The observations above indicate the fact that the vapor pressure of Se inside the
graphite box is not constant throughout a typical selenization process (40 min). Se pellets
were heated and started to melt immediately after the graphite box was pushed into the
hot zone that stayed at 500 °C. Gaseous Se gradually built up a partial pressure of 0.055
atm at 500 °C, based on the equation: logP = -5043/T + 5.265 where P is the vapor
pressure (atm) and T is in the unit of absolute temperature.94 Se condensed on the
relatively cooler substrates, i.e. Si3N4 grid and Mo-coated SLG, because they were heated
slower than the Se pellets. Liquid Se diffuses through the nanoparticle films on Si3N4
grids or Mo-coated SLG substrates rapidly and reacts with the CZTS nanoparticles.
Based on the Cu-Se, Zn-Se, and Sn-Se phase diagrams, Cu, Zn, and Sn have certain
solubilities in liquid Se at 500 °C, suggesting that cation diffusion through liquid Se
should dominate the mass transfer instead of solid-state diffusion.95-97 Figure 3.12 shows
a HAADF image of liquid Se, into which the metal cations dissolve from the CZTS
nanoparticles on a Si3N4 grid using STEM-EDS. Spectra 1, 3, and 4 show the presence of
Cu, Zn, and Sn within the liquid Se that spreads between the dissolving nanoparticles and
that lies underneath the CZTSSe grains while another area (spectrum 2) with a darker
contrast only contains C, Se, and S. This confirms that liquid Se spreads between the
CZTS nanoparticles and causes the dissolution of metal cations. With higher mobilities in
liquid Se, the cations can move rapidly to the liquid surface and initiate the nucleation
and growth of CZTSSe.
The ex situ experiments using the nanoparticles on Si3N4 grids uncover the
condensation of liquid Se and the mass transfer of metal cations within it during the
selenization process. The resulted CZTSSe grains on Si3N4 grids are analogous to the
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microstructural development of selenized films, which have a polycrystalline CZTSSe
thin film on the top of the fine grain layer in Figure 3.1. We, therefore, propose that the
crystal growth of a CZTSSe film is sustained by the liquid selenium assisted sintering
process (LSASP), as illustrated in Figure 3.9.
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Figure 3.9 Schematic mechanism of liquid-Se-assisted crystal growth to develop densified CZTSSe fims.
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In the early stage of selenization, Se condensed on the particle precursor film that was
heated relatively slower than the Se pellets inside the graphite box and it spread between
the particles by capillarity. Several factors, such as contact angle, dihedral angle, and
solid solubility in liquid, are expected to govern the distribution of liquid Se inside the
film. As the wetting liquid Se distributed through the entire films and pulled the CZTS
nanoparticles into closer packing, Cu, Zn, and Sn dissolved from the particles into the
liquid. The cation diffusions in liquid Se allowed CZTSSe grains to form at the vaporliquid interface by the means of nucleation, precipitation on existing particles or both, to
lower the interfacial energy. The CZTSSe grains developed non-spherical shapes to fill
space more efficiently when forming a polycrystalline thin-film, as shown in Figure 3.1a.
Based on the change in microstructure shown in Figure 3.1 a-d and e-h, coarsening (grain
growth) and densification (pore elimination) take place in parallel for the 5, 10, and 20
min selenization, suggesting that the large grains grow and accommodate their shapes at
the expense of the neighboring small grains. After 40 min selenization, grain growth,
which was driven by the decrease in interfacial area, slowed down due to the large grain
size and the reduced amount of Se that corresponded to the shrinkage of fine grain layer.
On the other hand, densification was also retarded by the reduced amount of liquid Se
and relied more on solid-state diffusion, which was slower than the diffusion in liquid
and was eventually inhibited by the enlarged dihedral angle between the contacting grains.
During the cooling step, the remnant metal cations and Se reacted to form the fine grains,
as shown in Figure 3.5d using STEM EDS linescans.
Benefited from the wetting liquid Se, solution-reprecipitation, diffusion, nucleation,
and grain growth occurs in parallel or in series, giving rise to the microstructures that

65
consist of coarsened CZTSSe grains and minimized pore size in Figure 3.1 d and h.
Despite the fact that the multinary system of CZTSSe is possibly more complex than the
LSASP we’ve proposed here, due to the presence of secondary phases and local
compositional gradients, our results do not conclude any secondary phases, which may
accumulate at grain boundaries and serve as the grain boundary motion inhibitor. The
concepts of LSASP stated here fit well with the observed microstructure development of
CZTSSe thin films.
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3.4 Conclusion
The quality of CZTSSe thin-film absorber plays a significant role for high-efficiency
kesterite solar cells. This study discovers the liquid Se assisted sintering process (LSASP)
that is responsible for the courses of microtructural and compositional evolutions of
CZTSSe thin films derived using CZTS nanoparticle films. Investigating CZTSSe films,
which were selenized for various periods of time, by the means of STEM and EDS, we
found the excess Se in the fine grain layer sustained the cation diffusions essential for
grain growth and densification to take place in the polycrystalline CZTSSe film. After 5
min selenization, Cu-rich CZTSSe grains were shown to coarsen at the top of the fine
grain layer. With prolonged selenization time, the cation ratios, i.e. Cu/(Zn+Sn), Zn/Sn,
and Cu/Sn, of CZTSSe thin films adjust back to that of the CZTS nanoparticles. It is also
found that the decrease in Se vapor pressure toward the end of 40 min selenization leads
to the evaporation of Se from the fine grain layer.
The condensation of liquid Se was confirmed using STEM-EDS, when a monolayer
of CZTS nanoparticles on Si3N4 grids was selenized. The wetting Se spreads between
CZTS nanoparticles by capillary and initiates the LSASP that gives rise to the densified
polycrystalline film. Although LSASP is possibly influenced by more factors, such as
impurity particles and complex mass transport in a multinary material system, which we
do not observe within our detection limit, our findings here shed light on the role of Se
when CZTS nanoparticle films are selenized using Se pellets, graphite box, and tube
furnace. Functioning more than a substitute for S in CZTS nanoparticles, liquid Se
rearranges the metal cations and assists the growth of densified CZTSSe absorber
material through the LSASP. This findings in this work launch a new course of research
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to produce high-quality metal selenide semiconductors for the applications in
photovoltaics or in other electronic devices.
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3.5 Supporting Information

3.5.1

SEM-EDS Mapping of Fine Grain Layer

SEM-EDS maps were collected in a 7 kV field emission scanning electron
microscopy (SEM, FEI Quanta) using an Oxford INCA Xstream-2 SDD. The crosssectional sample was prepared by fracturing the selenized film (40 min selenization)
along the pre-cut trench on the back side of the SLG substrate. It is found that Cu signals
within the fine grain layer is comparable to that of Zn and Sn. No excess Cu is observed
in the fine grain layer of the fractured cross-sectional sample. This suggests that the
excess Cu signals in the FIB-prepared lamellae are caused by the Cu out-diffusion driven
by the Ga ion beam when cutting and thinning the lamellae.

Figure 3.10 Cross-sectional SEM-EDS maps showing the elemental distributions in the
selenized film.
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3.5.2

STEM-EDS Analysis of Liquid Se on Si3N4 Grids

Se films that result from the condensation of Se on the Si3N4 grids are studied using
scanning transmission electron microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDS) in a 300 kV FEI Titan equipped with an Oxford X-80 SDD. Se is
found to condense on the grid surface and to spread between the CZTS nanoparticls. The
STEM-HAADF image in Figure 3.11 shows a region near the boundary of a Se film on a
Si3N4 grid after 5 min selenization. CZTSSe grains (bright contrast) forms on the top of
the Se film and the dark-contrast area is the bare Si3N4 grid. The EDS spectrum collected
from the area marked by the green square only shows the X-ray emission lines generated
from the grid materials: Si and N. The detected C and O are the typical substances that
adsorb on the specimen surface in a microscope. The other area selected by the blue
square has a EDS spectrum that confirms the Se film (grey contrast). Another STEMHAADF image in Figure 3.12 shows the Se films with the CZTSSe grains on a Si3N4 grid
after 10 min selenization. Spectrum 2 indicates that Se film spreads on the Si3N4 grid
surface. Spectrum 5 is collected directly from a coarsened grain and show it has a
composition of Cu1.31Zn0.83Sn1S0.28Se3.89. Spectra 1, 3, and 4 show the Se film that has a
brighter contrast contains Cu, Zn, and Sn. This suggests the metal cations dissolve in the
liquid Se from the CZTS nanoparticles surrounded by the wetting Se film.
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Figure 3.11 (a) STEM-HAADF image showing a region near the boundary of a Se film
that spreads on a Si3N4 grid after 5 min selenization. (b) EDS spectra obtained from the
two areas indicated by the green square and the other blue square.

Figure 3.12 (a) STEM-HAADF image showing CZTSSe grains form at the top of the Se
film after 10 min selenization. (b) EDS spectra 1-5 collected from the designated areas in
(a).
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3.5.3

HRTEM and STEM-EDS Mapping of Fine Grain Layers

HRTEM imaging in a 300 kV TEM (FEI Titan) was used to study the crystalline
particles in the fine grain layer after 10 min selenization. The lamella was lift off using a
manipulator in a focused ion beam microscope (FEI Nova NanoSEM 200). Although
STEM-EDS linescan shows scarce metal cations in Figure 5, the segregated metal cations
caused by the interrupted solution-reprecipitation process react with Se and form these
crystalline particles near the interface between coarsened CZTSSe grain and fine grain
layer. The coarsened CZTSSe grain is aligned to the [1 1 2] zone axis based on the
selected area electron diffraction (SAED) pattern to show distinct contrast from the fine
grain layer in the bright-field TEM image (Figure 3.13a). Imaging along the interface
with the objective aperture in helps to identify the features within the fine grain layer in
Figure 3.13b. Once removing the objective aperture, the focus and objective astigmatism
require adjustment to show the clear image in Figure 3.13c.

Figure 3.13 (a) Bright-field TEM image of a CZTSSe grain aligned to the [1 1 2] zone
axis. The inlet showing the SAED pattern of the grain. (b) BF-TEM image showing the
interface between CZTSSe grain and fine grain layer. (c) High-resolution TEM image of
the crystalline particles in the fine grain layers.
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To have a detail view of elemental distribution in the fine grain layer after 40 min
selenization, EDS maps in Figure 3.14 were collected in a 300 kV STEM (FEI Titan)
equipped with an Oxford X-80 SDD using a lamella lifted off from a selenized film.

Figure 3.14 STEM-EDS maps showing the elemental distributions in the fine grain layer
after 40 min selenization.

3.5.4

Attempt to Study the Sodium Effect on LSASP of CZTSSe Thin Films

The influence of Na on the grain growth and densification of CZTSSe films have
been studied in the literature. Na-free substrates (borosilicate glass and yttria-stablized
zirconia) or sodium barriers between Mo back-contact and SLG substrate were used in
order to strictly control the quantity of Na supplied by NaF, NaCl, and Na2S.98-100 It has
been shown that Na passivates the deep defects at the grain boundaries to reduce nonradiative recombination and the presence of liquid Na2Sex at elevated temperatures assists
the grain growth of CZTSSe thin films. Our approach here is to investigate the localized
Na in the CZTSSe films using STEM-EDS.98,99 Figure 3.15 shows the Na profile across
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the CZTSSe films that are selenized for 5, 10, 20, and 40 min. Na is found mainly at the
Pt protection layer and Mo back-contact. It is surprising that Na is not detected in the Serich fine grain layer after 5, 10, and 20 min selenization, suggesting the absence of
Na2Sex phase in the films. However, because of the overlapping Zn-L and Na-K emission
lines, EDS may not be the suitable characterization technique to pinpoint segregated Na
in CZTSSe materials. The same issue also affects the application of electron energy loss
spectroscopy (EELS) because of the overlapping Zn-L2,3 and Na-K ionization edges
when attempting to study the active Na sites in CZTSSe thin films.
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Figure 3.15 STEM-EDS profiles of Cu, Zn, Sn, and Na in the CZTSSe films that are
selenized for (a) 5 min, (b) 10 min, (c) 20 min, and (d) 40 min.
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CHAPTER 4.
KESTERITE CHALCOGENIDE ABSORBERS CONVERTED
FROM METASTABLE, WURTZITE-DERIVED CZTS NANOPARTICLES

4.1 Introduction
Copper-zinc-tin sulfide (CZTS) and its selenide version (CZTSe) are important
materials for potentially low-cost thin film solar cells. Furthermore, Cu, Zn, and Sn are
earth abundant elements that ensure a supply of materials for any foreseeable harvesting
of solar energy. CZTSe and CZTS devices have shown a power conversion efficiency
(PCE) of 9.15% and 8.4%, respectively, using co-evaporation.101,102 Kesterite-structure
CZTSSe thin films prepared using hydrazine-based solution processing have achieved an
12.6% PCE.64 The kesterite CZTSSe devices made by selenizing kesterite CZTS
nanoparticles inks have attained a PCE of 9%, and this has been improved to 9.4% by
partially doping Sn with Ge.10,59,60 The commonality shared by the above-mentioned high
PCE CZTSSe solar cells is that they all possess a kesterite-structure absorber.
First-principles calculations suggest that the kesterite structure, along with cationdisorder within the Cu-Zn layer, is the most stable crystallographic structure within the
CZTS phases derived from a binary II-VI zinc blende structure having ABCABC
stacking.11,13,103 A wurtzite-derived CZTS phase from the binary II-VI wurtzite structure,
however, has been reported among the quaternary I2-II-IV-VI4 semiconductors featuring
ABABAB stacking.70,104,105 Another study based on first-principles calculations has
investigated the structural stability of wurtzite-derived CZTS phases in which the Cu, Zn,
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and Sn cations are ordered and have specific positions in the unit cells.106,107 Although
first-principles total-energy calculations of wurtzite-derived CZTS have indicated that the
zincblende-derived kesterite and stannite are relatively more stable than the wurtzitekesterite and wurtzite-stannite structures, the small difference in the total energy between
kesterite and wurtizte-kesterite cannot rule out the possible formation of wurtzite-derived
CZTS.106 Both wurtzite-derived CZTS and CZTSe have been demonstrated
experimentally in the forms of nanocrystals and nanorods.21,22,108-110 In addition to the
wurtzite-kesterite and wurtzite-stannite structures, another crystallographic structure in
which the metal cations are randomly distributed at the Zn sites of a wurtzite ZnS unit
cell has been proposed.21 The presence of organic solvent or capping ligands has been
suggested to influence the crystallographic structure of nanoparticles.111 With a careful
choice of organic solvents, CZTS nanoparticles can be synthesized as a metastable
wurtzite-derived phase that has its free energy at a local minimum. This motivates our
investigations of the stability of wurtzite-derived CZTS nanoparticles when they undergo
a (previously published) selenization process for the purpose of making CZTSSe thin
film solar cells.32,53 This work demonstrates that a layer of wurtzite-derived CZTS
nanoparticles changes its crystallographic structure when sintered in selenium vapor,
leading to the formation of a kesterite CZTSSe thin film. The solar cell performance of
the resultant CZTSSe absorbers is characterized and compared to previously published
kesterite-structure CZTSSe absorbers.10,60
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4.2 Experimental Method

4.2.1

Nanoparticle Synthesis

The wurtzite-derived Cu2ZnSnS4 nanoparticles in this study were synthesized by hot
injection of a dodecanethiol (DDT, Sigma Aldrich) solution containing Cu, Zn, and Sn
cation precursors into a mixture of oleylamine (OLA, Acros) and DDT at 250°C. In a
typical synthesis with a practical composition optimized for solar cell fabrication, copper
(II) acetylacetonate (0.88 mmol, Sigma Aldrich), zinc (II) acetylacetonate hydrate (0.525
mmol, Sigma Aldrich), and tin (IV) acetylacetonate dibromide (0.5 mmol, Sigma Aldrich)
were mixed in DDT (4 ml, solution I). Solution I was then stirred at a speed of 1000 rpm
and purged with nitrogen at 60°C for 30 min to remove oxygen and moisture. A threeneck flask containing a mixture of 6 ml OLA and 6 ml DDT (solution II) was connected
to a Schlenk line and purged with argon at 115°C. After three purges, solution II was
heated to 250°C. The purged Solution I (4 ml) was then injected into solution II to start
the reaction, which lasted for 1 hour at 250°C. After the reaction, the synthesized
nanoparticles were washed in hexane/isopropanol (1:10 ratio) and centrifuged at 14,000
rpm for 5 min. After repeating this step three times, the nanoparticles were washed two
times in hexane/isopropanol/methanol (1:5:5 ratio) and underwent another centrifugation.
Lastly, the nanoparticles were washed in hexane/isopropanol (1:10 ratio) and centrifuged
to complete the washing procedure. The collected nanoparticles were dried with flowing
nitrogen and weighed about 170 mg, suggesting a yield of approximately 80%. The
nanoparticle ink was then prepared by dispersing the dried nanoparticles in hexanethiol at
a density of 200 mg/ml.
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4.2.2

Device Fabrication

A device was then prepared using the nanoparticle ink as described in our prior
published process.10,53 Two layers of wurtzite-derived nanoparticles were deposited
sequentially onto a molybdenum coated soda lime glass substrate by the means of knife
coating (also called “doctor blading”) to form a total film thickness of ~ 1 μm. After each
layer was deposited, the substrate was heated on a hot plate in air at 300°C to evaporate
the hexanethiol. The wurtzite-derived nanoparticle film was then selenized in Se vapor at
500°C for 20 min. The selenized films were processed into solar cells using chemical
bath deposition of CdS (~50 nm), RF-sputtering of i-ZnO (~50 nm), RF-sputtering of
ITO (~250 nm), and e-beam evaporated Ni/Al front contacts.53

4.2.3

Characterization

The crystallographic structures of as-synthesized and selenized nanoparticle were
characterized with powder X-ray diffraction (PXRD) using a Bruker D8 Focus X-Ray
Diffractometer equipped with a Cu Kα source and a high-speed 1D Lynxeye detector.
High-resolution transmission electron microscopy (HRTEM) and energy-filtered TEM
(EFTEM) were performed using a FEI Titan (300 kV) equipped with a Gatan Tridiem
Image Filter to study the structural and compositional uniformity of nanoparticles. Film
morphology and chemical compositions were investigated by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) in a FEI Quanta
equipped with an Oxford INCA Xstream-2 silicon drift detector. The solar cells were
characterized by four-point probe current-voltage measurements at room temperature
using a Keithley 2400 series sourcemeter. Illumination was applied using a Newport
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Oriel solar simulator with an AM1.5 filter set and calibrated to one sun intensity using a
Si reference cell certified by NIST.
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4.3 Results and Discussion
The average composition of wurtzite-derived CZTS nanoparticles was measured
using SEM-EDS and found to be Cu1.79±0.01Zn1.07±0.01Sn1S4.43±0.04. The compositional
homogeneity within individual nanoparticles was further studied using EFTEM. The
elemental maps of Cu, Zn, and S, and jump-ratio image of Sn (which are shown in Figure
4.5), confirm that Cu, Zn, Sn, and S are homogeneously distributed in the wurtzitederived CZTS nanoparticles.
CZTS is known to exist in a number of structural forms, based on the common binary
semiconductor structures of zincblende and wurtzite. There are specific ordered
arrangements of the cations and anions that can occur, leading to the formation of
kesterite and stannite phases. The PXRD patterns of the as-synthesized and selenized
nanoparticles are shown in Figure 4.1, and compared with both experimental diffraction
patterns from the literature and simulated diffraction patterns (CrystalMaker) for
wurtzite-derived CZTS and kesterite CZTSe phases.
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Figure 4.1 PXRD patterns of (a) the as-synthesized wurtzite-derived CZTS nanoparticles
and (b) after annealing in a Se atmosphere at 500°C for 20 min. The black reference
squares are simulated results for wurtzite-derived CZTS using experimentally determined
lattice parameters and substituting copper, zinc, and tin atoms for the Zn site of the
wurtzite ZnS structure (JCPDS no. 01-079-2204). The red reference circles denote
kesterite Cu2ZnSnSe4 (JCPDS no. 01-070-8930).

For the as-synthesized nanoparticles, the diffraction patterns plotted in Figure 4.1a are
indexed based on the simulated patterns of the wurtzite-derived CZTS structure with
cation disorder, which was constructed by randomly distributing Cu, Zn, and Sn atoms
based on the cation ratio at the Zn sites of wurtzite ZnS. The measured peak locations and
their relative intensities agreed not only with our simulated pattern, but also with other
recently published wurtzite-derived CZTS structures that were proposed to have cationdisorder.21,22 The lattice parameters calculated using the (110) and (112) reflections were
a = 3.806 Å and c = 6.303 Å. The domain size determined using the Scherer equation was
16.4 nm. The diffraction patterns of wurtzite-kesterite and wurtzite-stannite were also
simulated for comparison, using the published crystal structure data, and are shown in
Figure 4.6.107 Rietveld refinement was performed using these simulated patterns in the
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MAUD program, as described in the supporting information. The refinement results
showed that the wurtzite-derived phase with cation disorder dominates the as-synthesized
CZTS nanoparticles. The kesterite CZTS phase was found to have a weight fraction less
than 4%; however, this phase primarily accounted for the overlapping peak of the
wurtzite-derived (002) and kesterite (112), and the peak intensity also depended on the
cation ratio on wurtzite-derived (002) planes. Overall, the PXRD pattern of nanoparticles
indicates >95% wurtzite-derived CZTS phase with cation disorder instead of wurtzitekesterite or wurtzite-stannite, as has been suggested in recent literature.108,109 While the
measured major reflections are present in the simulated wurtzite-kesterite and wurtzitestannite patterns, the fact that minor reflections indicating ordering are not present in the
as-synthsized nanoparticles suggests that the cations are disordered. After selenization,
the nanoparticles were predominantly kesterite, as shown in Figure 4.1b.
The shape, size, and crystallographic structure of individual wurtzite-derived CZTS
nanoparticles were examined using transmission electron microscopy (TEM) in a FEITitan. A bright-field TEM image of a large field of wurtzite-derived CZTS nanoparticles
is shown in Figure 4.2a. The nanoparticles have bullet shapes in a length of about 15-40
nm. Figure 4.2b shows a bullet-shaped nanoparticle imaged along the [0001] zone axis,
an orientation that is frequently observed for the wurtzite-derived nanoparticles in the
TEM. The interplanar spacing (d-spacing), measured from an average of at least 10
planes in the high-resolution TEM (HRTEM) image, was determined to be 3.3 Å for the
{1-100} planes, and the measured angle between (1-100) and (0-110) was found to be
60°, as shown in Figure 4.2c. Another bullet-shaped nanoparticle is imaged along the [1100] zone axis in Figure 4.2d. By the method described, the d-spacing was measured as
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1.9 Å in Figure 4.2e, which corresponds to the {11-20} planes. These observations are
consistent with the simulated wurtzite-derived CZTS structure with cation disorder.

Figure 4.2 (a) Bright field TEM image showing the size and shape of wurtzite-derived
CZTS nanoparticles. (b) TEM image of an as-synthesized wurtzite-derived CZTS
nanoparticle imaged along the [0001] zone axis and (c) high-resolution TEM (HRTEM)
showing the 3.3 Å d-spacing of {1-100} planes. (d) TEM image of a bullet-shaped
wurtzite-derived CZTS nanoparticle imaged along the [1-100] direction and (e) HRTEM
showing the 1.9 Å d-spacing of {11-20} planes.
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The cross-section SEM image of a completed device is shown in Figure 4.3a, where
the selenized film can be found between CdS/ZnO/ITO and Mo. A bilayer structure is
observed for the selenized film, where the 300 nm thick top layer consists of large grains
and the 700 nm bottom layer consists of unsintered nanoparticles. The bottom layer is
likely to be a combination of unsintered nanoparticles and a high amount of carbon and
selenium, as observed previously.112 The PXRD pattern of the selenized thin film shown
in Figure 4.1b is consistent with the simulated PXRD pattern of kesterite CZTSe, but
with a small shift to a greater 2θ due to the remnant sulfur after the substitution of Se.
This shows that a phase transformation from wurtzite-derived CZTS to kesterite CZTSSe
takes place when the nanoparticles react with Se vapor at 500°C, indicating that the
wurtzite-derived phase with cation disorder is thermodynamically unstable and tends to
convert into the relatively stable kesterite phase. The sharpened peaks with reduced full
width at half maximum (FWHM) result from the micron-sized CZTSSe grains, indicating
that formation of CZTSSe starts at the top of nanoparticle film, as shown in Figure 4.3a.10
The composition of the selenized films determined by SEM-EDX indicates a Cu/(Zn+Sn)
ratio of 0.887 and a Zn/Sn ratio of 1.013, similar to other high-efficiency CZTS solar
cells in the copper poor and zinc rich condition.63,64
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Figure 4.3 (a) Cross-sectional SEM image of an as-fabricated CZTSSe thin film solar cell.
The selenized CZTSSe film shows a bilayer structure, where the top layer is comprised of
large densified grains and the bottom layer is unsintered and particle-like. (b) Crosssectional SEM image of fully sintered kesterite CZTSSe grains annealed in Se vapor for
two times.

Figure 4.4 shows the best current-voltage (J-V) data from six solar cells measured
under standard AM1.5 illumination. The six solar cells were built on the same 1-inch-by1-inch substrate. Each of them had a total cell area of 0.47 cm2, and delivered an average
power conversion efficiency (PCE) of 4.05±0.18%. A summary of the performance solar
cells is included in the supporting information. The diode in dark appeared to shunt and
showed a nonlinear current under reverse bias, which correlated with the uneven interface
between CdS and CZTSSe grains that was observed in Figure 4.3a. Owing to this, the
extracted parameters (Rs, Rsh, and ideality factor) were taken from the dark J-V data
using the nonlinear voltage dependent shunt leakage method.113,114 Due to losses in open-
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circuit voltage (Voc), short-circuit current (Jsc), as well as fill factor (FF), the solar cell
underperformed compared to the current high-efficiency devices fabricated from kesterite
CZTS nanoparticles.10,60

Figure 4.4 J-V characteristics under AM1.5 illumination (blue) and in the dark (grey) of
the best performing CZTSSe device made by the wurtzite-derived CZTS nanoparticle ink.

In an attempt to reduce the thickness of the unsintered layer, another selenized thin
film was re-annealed in the Se vapor at 500°C for 20 min. In this doubly selenized thin
film, the unsintered layer was no longer present, as shown in Figure 4.3b, and the
resulting film was kesterite with the same PXRD patterns as in Figure 4.1b, with no extra
peaks present that would indicate secondary phases. However, the resulting film showed
an uneven, porous structure, with the some of the film grains becoming discontinuous,
exhibiting regions of isolated, faceted crystals attached to the Mo substrate. This suggests
two major coarsening processes are occurring during this second selenization. The
previous unsintered layer acts as a source of atoms during the second selenization, and
supplies atoms to the large grains on the top surface of the film. This continues as long
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as the unsintered layer remains. Once the small kesterite grains are consumed, the
existence of a size difference between the large, compositionally homogeneous grains
dominates coarsening, and leads to the observed topological changes shown in Figure
4.3b. These results suggest that, with precise control of Se vapor pressure and duration of
selenization, the unsintered layer (small grains) can be eliminated while maintaining a
continuous, micron-scale film for high performance solar cells.
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4.4 Conclusion
Wurtzite-derived CZTS nanoparticles with cation disorder have been shown to
undergo a phase transformation to kesterite CZTSSe grains when annealed in Se vapor at
500°C for 20 min, suggesting that the wurtzite-derived phase is relatively unstable and
cannot be retained during the selenization process. The as-selenized kesterite CZTSSe
thin film has a bilayer structure of larger grains on the top of the film, with an underlying
structure of very small, unsintered grains. Thus, it is possible to fabricate CZTSSe thin
film solar cells with the kesterite structure using what was initially a wurtzite-derived
CZTS nanoparticle ink. However, the resulting device characteristics are significantly
worse in comparison with the high-efficiency CZTSSe devices made of 1-3 μm thick
CZTSSe absorbers having the kesterite strcuture, which were derived from kesterite
CZTS nanoparticles.10,53 Despite this, the kesterite CZTSSe grains have a bilayer
structure that can be fully transformed into micron-size grains with further selenization.
The observation of fully sintered kesterite CZTSSe grains after double selenization
suggests a route to eliminate the particle-like unsintered layer that is commonly observed
and which limits the device performance in nanoparticle-ink based CZTSSe thin film
solar cells.
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4.5 Supporting Information

4.5.1

Energy-filtered Transmission Electron Microscopy (EFTEM)

Figure 4.5 presents EFTEM images of wurtzite-derived CZTS nanoparticles obtained
in a FEI-Titan equipped with a Gatan Tridiem Image Filter. The specimen was prepared
by drop-casting a drop of nanoparticle ink that had been diluted with toluene on to a Ni
grid coated with an ultrathin holey carbon film. The elemental mapping of Cu, Zn, and S
was performed using the three-window method, where the intensity collected by the two
pre-edge windows was extrapolated to determine the background intensity underlying the
ionization edge signal collected by the post-edge window.115 The post-edge window was
placed at electron energy loss 936-976 eV for Cu L2,3 edge, 1020-1060 eV for Zn L2,3
edge, and 175-195 eV for S L2,3 edge. The Cu, Zn, S maps were derived by subtracting
the extrapolated background from the EEL spectra collected by the post-edge window.
Although the Cu-L3 edge and -L2 edge are only 89 eV and 69 eV in front of Zn-L3 edge,
the 40 eV energy selecting window was utilized for the Zn map to gain sufficient signalto-noise ratio. The Sn jump-ratio image was obtained using one post-edge window and
one pre-edge window. The image is formed based on a ratio of the EEL spectrum
collected by the post-edge window at 495-525 eV to the background extrapolated from
EEL spectrum collected by the pre-edge window.
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Figure 4.5 Bright field image of wurtzite-derived CZTS nanoparticles showing
consistency with the Cu, Zn, and S elemental maps derived based on Cu-L2,3, Zn-L2,3, and
S-L2,3 edges, and with the Sn jump-ratio image obtained using Sn-M4,5 edge.

4.5.2 Powder X-ray Diffraction and Simulated Patterns of Wurtzite-derived
Structures
The experimental powder X-ray diffraction (PXRD) patterns in the work were
obtained using a Bruker D8 Focus X-Ray Diffractometer equipped with a Cu Kα source
and a high-speed 1D Lynxeye detector. Wurtzite-derived structure with cation disorder,
wurtzite-kesterite, and wurtzite-stannite, along with their corresponding powder X-ray
diffraction (PXRD) patterns, were simulated using CrystalMaker software. To simulate a
wurtzite-derived structure with cation disorder, Cu, Zn, and Sn atoms with an occupancy
ratio of 2:1:1 are substituted for the Zn site of a wurtzite ZnS structure (JCPDS no. 01-
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079-2204). The hexagonal unit cell of wurtzite ZnS is then transformed to the
orthorhombic unit cell using a matrix transformation:
���⃑
𝑎𝑎′
2
����⃑
�
=
�
1
𝑏𝑏′
0
��⃑
𝑐𝑐′

0 0 𝑎𝑎⃑
2 0� �𝑏𝑏�⃑ �
0 1 𝑐𝑐⃑

where ���⃑
𝑎𝑎′ , ���⃑
𝑏𝑏′ , and ��⃑
𝑐𝑐′ are the transformed, orthorhombic axes, and 𝑎𝑎⃑ , 𝑏𝑏�⃑ , and 𝑐𝑐⃑ are the
original hexagonal axes.

The lattice parameters of a = 7.611 Å, b= 6.592 Å, and c = 6.303 Å were calculated
based on the experimental PXRD patterns. The resulting unit cell of the wurtzite-derived
structure with cation disorder is presented using a ball and stick model in Figure 4.6 and
its simulated PXRD pattern is shown in Figure 4.1. In contrast, wurtzite-kesterite and
wurtzite-stannite are accounted for as cation-ordered phases, since Cu, Zn, and Sn atoms
are located at specific positions in the unit cells that were described in the literature.106,107
The simulated PXRD patterns of wurtzite-kesterite and wurtzite-stannite are plotted with
the experimental patterns collected from the as-synthesized nanoparticles in Figure 4.7.
The lack of minor reflections in the experimental result suggests that the nanoparticles
have wurtzite-derived CZTS structure with cation disorder. In order to further verify this
quantitatively, Rietveld refinement was utilized as described in the following paragraph.
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Figure 4.6 Orthorhombic unit cell of wurtzite-derived structure with cation-disorder. The
lattice parameters are a = 7.611 Å, b= 6.592 Å, and c = 6.303 Å.

93

Figure 4.7 Experimental PXRD patterns of the as-synthesized wurtzite-derived CZTS
nanoparticles in comparison to the simulated PXRD patterns of wurtzite-kesterite and
wurtzite-stannite phases.106,107

4.5.3

Rietveld Refinement Using the MAUD Program:

Rietveld refinement was performed using the MAUD program to examine the phase
purity of the as-synthesized nanoparticles. Quantitative analysis was conducted using the
crystallographic information files (CIF) corresponding to CZTS – wurtzite-derived phase
with cation disorder, wurtzite-kesterite, wurtzite-stannite, and kesterite. Each CIF was
prepared in CrystalMaker based on either our simulation result or the published
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crystallographic information.10,106,107 Figure 4.8 shows a typical fit curve with the
experimental pattern of as-synthesized CZTS nanoparticles when the refinement is
completed using the CIF of a wurtzite-derived phase with cation disorder and a kesterite
phase. The refinement results with respect to the various possible combinations of
coexisting phases are listed in Table 4.1. The refinements indicate that the wurtzitederived phase with cation disorder is the dominant phase in the as-synthesized CZTS
nanoparticles in every refinement result where it was included. The cation-ordered phases
– wurtzite-kesterite and wurtzite-stannite – were found less probable to be the majority
phase compared to the cation-disordered phase, since the weight percentage of wurtzitekesterite or wurtzite-stannite never exceeded 1.5% when the refinement was done with
the cation-disordered wurtzite-derived phase. In addition, the small amount of kesterite
phase (~ 4%) suggested by the refinement results appeared to primarily be accounted for
the overlapping of the wurtzite-derived (002) peak and the kesterite (112) peak. Overall,
the PXRD pattern of the as-synthesized nanoparticles was clean and consistent with a
high purity of wurtzite-derived CZTS phase with cation disorder when compared to other
PXRD patterns reported in recent literature.21,22,108,109
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Figure 4.8 Rietveld refinement performed in the Maud program with respect to two
phases – wurtzite-derived CZTS and kesterite CZTS – to estimate the weight percentage
of each phase in the as-synthesized nanoparticles.

Table 4.1 The summary of refinement results showing the weight fraction for each
possible combination of co-existing phases. “-” denotes that the phase is not included
during the refinement.
Weight fraction

1
2
3
4
5

Wurtzite-derived
with cation-disorder

Kesterite

Wurtzite-kesterite

Wurtzite-stannite

95.0%
95.2%
96.4%
-

3.6%
3.5%
3.6%
3.7%
4.6%

1.3%
95.4%

1.4%
96.3%
-
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4.5.4

Summary of Solar Cell Performance of CZTSSe Thin-film Solar Cells
Using Wurtzite-derived CZTS Nanoparticles

Six solar cells were built on a 1 sq. inch substrate. Each of the cells had a total area of
0.47 cm2, and delivered an average power conversion efficiency of 4.05±0.18%. The best
efficiency of the six solar cells was measured at 4.3%. Illumination was produced by a
Newport Oriel solar simulator with an AM1.5 filter set and was calibrated to 1-sun
intensity (1000 W/m2) using a Si reference cell certified by NIST. Power conversion
efficiency (PCE), open-circuit voltage (Voc), short-circuit current density (Jsc), and fill
factor (FF) in Figure 4.9 were derived based on the current density-voltage
characterization using four point probe measurements at room temperature.

Figure 4.9 Solar cell performance of the six solar cells on the same 1 sq. inch substrate
including (a) PCE, (b) Voc, (c) Jsc, and (d) FF.
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CHAPTER 5.

CONCLUSION AND FUTURE WORK

5.1 Conclusion
In this work, CZTS nanoparticle ink-based processing was demonstrated to
manufacture earth-abundant CZTSSe thin-film solar cells. The transformation from
CZTS nanoparticles to CZTSSe polycrystalline films was studied to understand the
structure-property-processing relationship of the emerging p-type absorber materials.
The inter- and intra-particle compositional inhomogeneity of CZTS particles was
studied using probe-corrected STEM and EDS. Three different synthesis protocols
published in the literature were used to produce CZTS nanoparticles. The elemental
distributions were obtained using STEM EDS linescans. The results show that the
elemental fluctuations cause point-to-point compositional variations inside individual
particles. This is found crucial for the nanoparticle ink-based process to derive high
quality CZTSSe films, because the formation of CZTSSe grains relies on the cation
diffusion supplied by the CZTS nanoparticles. However, the densified CZTSSe grains
were shown to have reduced intra-grain elemental fluctuations after selenization
compared to the nanoparticles. This indicates that the compositional inhomogeneity of
CZTS particles is caused by the kinetic effects, due to the monomer incorporation during
colloidal synthesis, and that the heat treatment in Se vapor plays a significant role to
allow the CZTSSe grains to grow into the thermodynamically favorable phase. These
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findings guide us to investigate the role of Se that leads to densified CZTSSe films during
selenization.
A systematic study on the CZTSSe films selenized for various periods of time was
conducted to determine the role of Se. Four different periods of selenization time (5, 10,
20, 40 min) were applied to separate particle precursor films. The fully selenized film (40
min) has been used in solar cells that have above 9% efficiency. As we investigated the
microstructural evolution and elemental distribution of these films using XRD, Raman
spectroscopy and STEM-EDS, it was found that Se vapor condensed and diffused
throughout the particle films in less than 5 min. The liquid Se dissolved cations from the
particles and served as diffusion path for Cu, Zn, and Sn to migrate toward the vaporliquid interface, i.e., the top surface of the particle film, and to nucleate the CZTSSe
grains. The grains grew into a continuous layer of CZTSSe film as the thickness of the
fine grain layer decreased with respect to the longer periods of selenization time (10, 20,
and 40 min). The resultant fine grain layer consists of Se and carbon as well as some
residual cations that form CZTSSe nanocrystals. This suggests a liquid Se assisted crystal
growth for the CZTSSe grains to densify the film and to drain out the cations in the fine
grain layers. It is concluded that the formation of liquid Se in the particle precursor film
is essential to derive the densified CZTSSe films for high efficiency solar cells.
An alternative course was taken, to use wurtzite-derived nanoparticles to manufacture
the CZTSSe thin-film solar cells. Wurtzite-derived CZTS nanoparticles were synthesized
using a mixed solvent of DDT and OLA. When the compact film of wurtzite-derived
particles was selenized, the particles experienced a phase transformation from a wurtzitederived structure to a kesterite structure, and developed a bilayer structure, where the top
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layer consisted of large CZTSSe grains and the bottom layer was composed of small
CZTSSe grains. It was found that the bilayer structure could be further sintered into a
layer of giant grains in Se atmosphere, driven by the free energy gradient, due to the size
difference between the large and small grains. The resultant solar cells showed inferior
performance compared to the cells fabricated using kesterite particles. However, the
distinct microstructural evolutions between wurtzite-derived and kesterite particles
suggest ways to control the film morphology and to eliminate the fine grain layers.
In sum, an integrated advanced analytical materials characterization, with novel
synthesis and fabrication techniques, has laid the fundamental understanding of high
quality CZTS nanoparticle and CZTSSe thin-film formation. The improved nanoparticlebased processing emerges as a promising technology to produce low-cost, low-toxicity
kesterite solar cells. The research protocol developed in this work is also applicable to
other multinary compound semiconductor of interest for high efficiency optoelectronic
devices.
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5.2 Suggested Future Work
Structural and chemical fluctuations in the multinary compound semiconductor have
emerged as an important topic of high-efficiency optoelectronic devices. For example,
the Voc loss due to band tails in CZTSSe films limits the solar cell efficiency. Band gap
and electrostatic potential fluctuations are believed to cause the band tailing, and are
highly related to the structural and compositional inhomogeneities.27,28 The current work
and others in the literature have studied the structural ordering in micrometer resolution
using XRD, Raman spectroscopy, NMR, and electroreflectance spectroscopy.116-118 A
few works, including ours, interrogate the cation antisite defects and compositional
fluctuations at nanometer resolution.31,89
With the aids of a monochromator and aberration correctors for the probe-forming
and imaging lens systems, the cutting-edge TEM has owned the capability to study bandto-band transitions and vibrational modes using electron energy loss spectroscopy
(EELS).119,120 In addition, the recently published in situ Raman spectroscopy built in a
monochromated STEM (ESTEM) also launch the opportunity to measure the Raman
spectra and cathodoluminescence at the nanometer scale.121 These state-of-the-art
techniques are expected to provide more information regarding the order-disorder
transition and the source of band tailing in multinary compound semiconductors.
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